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1.0  INTRODUCTION 


The  noise  produced  by  jet  engines  comes  from  three  sources  —  the  intake  compressor  or 
fan,  the  internal  engine  components,  and  the  jet  flow  of  gases  from  the  engine  exhaust. 
This  report  is  concerned  solely  with  the  latter  source,  which  determines  the  jet  noise 
level  threshold  of  the  engine  after  the  first  two  sources  have  been  sufficiently  reduced. 

Jet  noise  results  from  the  mixing  of  the  jet  flow  with  the  ambient  air.  This  mixing 
process  is  turbulent  in  nature,  consisting  of  velocity  and  aerodynamic  pressure  fluctu¬ 
ations  in  the  mixing  region  which  produce  the  noise  audible  in  the  acoustic  far  field. 
This  far-fieid  noise  is  reasonably  well  understood  for  a  single  circular  jet  and  accurate 
prediction  methods  are  ovaiiable,  although  many  detoils  remain  to  be  clarified. 

However,  modern  jet  engines  are  no  longer  pure  jet  engines  but  utilize  the  byposs 
principle.  The  exhaust  from  such  an  engine  consists  of  a  central  jet  of  hot  gas  that  has 
passed  through  the  combustion  chamber  (termed  the  primary  jet  in  this  report)  which  is 
surrounded  by  the  cooler,  slower  bypass  flow  (termed  the  secondary  jet). 

On  some  low  byposs  engines,  the  bypass  flow  does  not  completely  surround  the  primary 
flow.  This  practice  is  being  discontinued  with  increasing  ratios,  however,  so  that  for 
all  practical  purposes  the  secondary  bypass  oir  can  be  considered  to  be  coaxial  with 
the  primary  flow  and  to  completely  surround  it. 

The  mixing  flow  pattern  from  such  o  coaxial  jet  is  much  more  complex  than  that  from  a 
single  jet  with  the  additional  complication  that  there  are  many  more  variables  to  be 
considered.  Consequently,  accurate  theoretical  prediction  of  the  noise  is  much  more 
difficult.  This  difficulty  in  prediction  motivated  this  experimental  study  to  measure 
the  noise  from  coaxial  flows,  covering  the  full  range  of  physicol  and  aerodynamic 
parameters  to  be  expected  from  existing  and  future  byposs  jet  engines.  The  parameters 
of  interest  include: 

•  Ratio  of  the  secondary  (bypass)  mass  flow  to  the  primary  mass  flow 

•  Ratio  of  the  secondary  flow  velocity  to  the  primary  flow  velocity 

•  Ratio  of  the  secondary  flow  areo  to  the  primary  flow  areo 

e  Relative  axial  positions  of  the  secondary  and  primary  nozzles 

•  Primary  nozzle  pressure  ratio 

•  Temperature  of  the  primary  jet 

This  report  gives  the  results  of  on  experimental  study  using  model  jets  in  which  all  the 
above  parameters  were  examined.  The  study  included  a  series  of  more  than  three 
hundred  separate  model  jet  tests.  The  data  from  these  tests  were  then  analyzed  to 
determine  sound  power  output  and  directivity  patterns  of  the  model  jet  configurations. 


and  were  scaled  to  give  the  equivalent  acoustic  output  for  full  sized  engines.  The  full- 
scale  data  are  presented  in  terms  of  the  sound  pressure  spectrum  and  perceived  noise 
level  along  two  sidelines  at  500  feet  and  1500  feet  from  the  jet  axis. 

The  data  were  also  used  to  determine  the  decrease  in  acoustic  output  that  results  from 
the  use  of  a  bypass  flow  configuration  relative  to  the  acoustic  output  of  a  single  jet 
nozzle  which  has  the  same  flow  characteristics  as  the  primary  jet  and  the  same  thrust  as 
that  of  the  bypass  flow  configuration.  The  effects  of  area  ratio,  velocity  ratio,  and 
the  relative  axial  position  of  the  primary  and  secondary  nozzles  on  this  noise  reduction 
were  examined.  Finally,  these  noise  reduction  data  were  reinterpreted  to  indicate  the 
flow  characteristics  required  to  give  a  jet  with  minimum  acoustic  output  for  a  given 
amount  of  gross  thrust  and  the  acoustic  penalty  that  results  if  the  actual  flow  charac¬ 
teristics  depart  from  those  optimal  design  conditions. 

Section  2  reviews  pertinent  aspects  of  the  noise  generation  of  jets  from  circular  and 
multiple  nozzles,  and  develops  a  simple  analytical  model  which  describes  the  noise 
generation  of  coaxial  jets.  Section  3  details  the  experimental  test  hardware,  instru¬ 
mentation  and  the  data  analysis  procedures.  Section  4  presents  the  basic  experimental 
data,  and  Section  5  contains  a  discussion  of  the  results  and  the  development  of  pre¬ 
diction  techniques  applicable  to  full-scale  engines.  The  principal  conclusions  ore 
given  in  Section  6, 

Seven  (7)  appendices  are  included  in  this  volume.  They  include  a  directory  of  experi¬ 
mental  rum,  the  computer  program  for  doto  analysis,  some  samples  of  measured  jet  flow 
profiles  and  a  summary  of  the  principal  acoustic  data  obtained.  The  detailed  flow  and 
acoustic  doto  ore  contained  in  Volume  U. 
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2.0  NOISE  GENERATION  BY  COAXIAL  JET  FLOWS 


2.1  Noise  Generation  of  Jets  From  Single  Circular  Nozzles 


Jet  flows  generate  sound  by  the  turbulent  mixing  of  the  gas  flow  with  the  ambient  atmos¬ 
phere.  This  process  was  first  properly  documented  by  Lighthil!  (References  1  and  2), 
who  recognized  that  the  turbulent  shear  stresses  resulting  from  the  momentum  exchange 
produced  pressure  fluctuations  and  a  radiated  sound  field.  The  process  of  conversion  of 
jet  mechanical  energy  to  acoustical  energy  is  relatively  inefficient.  However,  because 
of  the  high  mechanical  energy  of  a  jet  exhaust  flow,  the  resulting  noise  is  of  great 
significance  for  the  design  of  jet  aircraft  engines. 

In  the  studies  of  the  properties  of  jet  noise  generation,  the  importance  of  the  velocity 
of  the  jet  flow  is  easily  identified.  The  overd!  sound  power  of  single  circular  jet 
flows  up  to  approximately  i^GOO  fps  i*  proportional  to  the  eighth  power  of  the  velocity. 
Although  the  flow  velocity  is  the  most  important  parameter  In  the  determination  of  the 
sound  power  output  of  a  jet,  the  physical  size  and  the  temperature  of  the  jet  are  also 
important.  Lighthill  showed  that  the  sound  output  was  directly  proportional  to  the  jet 
nozzle  area.  The  flow  velocity  is  a  function  of  temperature;  heating  the  flow  will 
increase  the  velocity  for  a  given  nozzle  pressure  ratio,  thus  increasing  the  noise. 
Alternatively,  if  the  velocity  is  maintained  constant,  the  noise  will  decrease  as  tem- 
perarure  is  increased  because  of  a  reduction  in  density.  It  is  possible  to  reduce  the 
noise  slightly  for  fixed  thrust  by  heating  the  gas  while  maintaining  the  same  exit 
velocity,  as  documented  by  Plumblee  et  al  (References  3  and  4). 

The  relationship  between  overall  sound  power  level  and  jet  flow  parameters  is  given  in 
Figure  1 .  The  power  spectrum  can  be  normalized  on  the  basis  of  a  strouhal  number 
(fd/U)  modified  by  the  ratio  ( q*/q  )  of  the  critical  velocity  of  sound  in  the  flow  to 
that  in  the  surrounding  ambient  air  (References  5  and  6).  The  results  for  typical  jets 
are  given  in  Figure  2.  The  sound  field  is  directional,  with  a  predominant  sound 
radiation  occurring  at  an  acute  angle  to  the  jet  flow  direction,  as  illustrated  in 
Figure  3.  This  directionality  is  believed  to  be  the  result  of  the  convection  of  the  dis¬ 
turbances  within  the  flow  and  the  refraction  of  the  sound  within  the  flow  field,  with 
the  approximate  relationships  indicated  in  Figure  4  (References  5,  9,  10  and  11), 
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Sound  Power  Level  (20logdn)  in  dB  re  10~>3  worts/sq.ft. 


Figure  1.  Relationship  Between  Overall  Sound  Power  Level,  Normalized  by 
Nozzle  Size  and  Velocity  for  Jets  from  Circular  Nozzles  at 
Pressure  Ratios  less  than  2.3.  Data  from  References  6  and  7. 


Figure  3.  Far— field  Directional  Characteristics  of  the  Overall  Sound 
Pressure  Level  for  Four  Types  of  Jet  Flow  (from  Reference  8), 
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Angle  (0)  in  Degrees  from  Flow  Axis 


Axial  Strouhal  Number, 
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Figure  4.  Variation  of  the  Predominant  Propagation  Angle  for  Various  Frequencies 
from  Measurements  Along  the  10  Degree  Boundary  of  a  Jet  from  a  J-57 
Engine  as  a  Function  of  a  Non-dimensional  Axial  Frequency  Parameter. 
Data  from  Howes,  References  5  and  12, 
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Velocity  Ratio  U/U 


The  velocity  profiles  in  the  flow  of  a  constant  density  circular  jet  can  be  approxi¬ 
mated  with  the  profile  given  in  Figure  5.  The  flow  momentum  rate  across  any  down¬ 
stream  station,  which  equals  the  net  thrust  of  the  jet.  Is  given  by: 
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irr2  p  U 
n  n 


2 
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^n 


a2  U2 
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where 

M  =  jet  momentum  at  downstream  station  x 
F  x  =  jet  thrust 

r  =  radius 

r  =  jet  nozzle  radius 

^  =  density  in  plane  of  nozzle 

a  =  radius  of  core  at  downstream  station  x  (0  <  a  <  r  ) 
U  =  nozzle  exit  velocity 

U  =  centerline  velocity  at  station  x  (0  <  U  <  U  ) 

V C  =  (r  -  a)/b  -  c  -  n 

b  =  width  parameter 


0) 


Figure  5.  Comparison  of  Assumed  Velocity  Profile  for  Axlsymmetric  Constant  Density  Jet 
with  Mach  0,7.  Data  from  Laurence,  Reference  13. 
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This  relationship,  together  with  the  assumption  of  a  constant  coefficient  of  momentum 
exchange  throughout  the  mixing  process  in  the  flow,  permits  an  analytical  solution  of 
the  constant  density  jet  velocities  throughout  the  entire  flow,  as  illustrated  in 
Figure  6.  This  solution  was  obtained  in  terms  of  the  normalized  axial  distance  (x^/r^) 
from  the  nozzle  to  the  tip  of  the  potential  core.  The  length  of  the  core  is  a 
function  of  Mach  number,  as  shown  by  the  empirical  curve  in  Figure  7.  When  the  jet 
is  surrounded  by  a  moving  medium,  as  for  an  aircraft  in  flight,  the  mixing  process  is 
less  rapid  and  the  distance  from  the  nozzle  to  the  tip  of  the  core  lengthens,  as  illus¬ 
trated  in  Figure  8. 

The  characteristics  of  the  noise  generated  along  the  jet  vary  with  axial  position,  as  do 
the  parameters  of  the  flow.  Theoretical  examination  of  Lighthill's  basic  theory  of 
aerodynamic  noise  generation  resulted  in  identification  of  the  initial  mixing  region  as 
the  prime  noise  source  for  a  subsonic  jet  flow  (References  17  and  *8).  These  analyses 
indicated  that  there  should  be  a  uniform  source  strength  along  the  length  of  the  initial 
mixing  region,  where  the  potential  core  still  exists  and  the  velocity  difference  across 
the  mixing  region  is  constant.  Further,  theory  indicates  that  the  magnitude  of  the 
noise  generation  should  decrease  rapidly,  following  an  x-7  law,  in  fully  developed 
mixing  regions  downstream  of  the  core  tip.  These  results  were  obtained  by  applying 
similarity  arguments  to  the  mixing  flow  properties  (mean  velocity  profile  and  turbulence 
intensity). 

Experimental  measurements  shown  in  Figure  9  appear  to  validate  theory  in  the  initial 
mixing  region.  However,  the  noise  generation  does  not  fall  as  rapidly  as  predicted  by 
theory  downstream  of  the  core  tip,  perhaps  because  the  turbulent  eddies  developed  in 
the  initial  mixing  region  decay  less  rapidly  as  they  are  convected  downstream  than  do 
the  mean  flow  velocities.  This  possible  explanation  is  reinforced  by  observing  the  non- 
dimensional  source  noise  spectra  in  Figure  10.  In  the  initial  mixing  region,  the  fre¬ 
quency  of  maximum  amplitude  varies  inversely  with  axial  distance;  in  the  downstream 
region,  the  spectrum  appears  almost  independent  of  axial  distance. 

The  bosic  similarity  relationships  between  the  total  sound  power  spectrum  ond  mean  jet 
flow  parameters,  ond  between  the  local  sound  power  spectra  and  the  local  flow  relation¬ 
ships,  provide  o  powerful  tool  for  estimating  the  noise  generation  characteristics  of  jets 
with  complex  nozzles  or  non-standard  initial  flow  profiles.  The  similarity  lows  between 
flow,  turbulence  and  noise  can  enable  solutions  to  the  noise  of  a  complex  flow  by 
analogy  to  the  well  known  circular  jet,  once  the  velocity  profiles  of  the  complex  flow 
are  defined.  This  approach  was  used  for  the  estimation  of  tire  noise  ch aroc ter i sties  of 
jet  flows  from  mixing  nozzles  which  hove  multiple  tubes  or  corrugations  (Reference  5) 
ond  is  applied  in  this  report  to  jet  flows  from  coGxial  nozzles,  as  discussed  in  the 
following  two  subsections. 
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Figure  6.  Examples  of  Flow  for  Constant  Density  Axlsymmetric  Single-Nozzle  Jets 
(From  Reference  5. ) 
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Figure  8.  Colculated  Increase  In  the  Ratio  of  the  Length  of  the  Jet  Core 
with  Non-Zero  External  Velocity  (U®)  to  its  Length  with  Zero 
External  Velocity  for  Constant  Density  Jets.  (From  Reference  5.) 
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Figure  9.  Source  Sfrengfh  Distribution  along  Jet  Axh.  Data  from  J-57,  References  5 


2.2  Noise  Prediction  for  Jet  Flows  from  Mixing  Nozzles 


The  possibility  of  modifying  the  noise  of  a  single  jet  by  changing  the  nozzle  shape  was 
first  discovered  by  Westley  and  Lilley  (Reference  19),  when  they  observed  a  reduction 
in  total  noise  as  the  result  of  inserting  tooth-like  projections  into  the  nozzle.  Initial 
full-scale  application  of  this  discovery  was  made  by  Greatrex  of  Rolls  Royce  and 
Callaghan,  et  al,  of  NASA  (Lewis),  (References  20  -  24).  The  concept  was  reduced 
to  practice  in  this  country  in  the  1950's  with  the  use  of  21-  and  9-tube  nozzle  sup¬ 
pressors  on  the  Booing  70/  series  aircraft,  corrugated  nozzles  on  the  Convair  880  air¬ 
craft  and  corrugated  nozzles  with  ejectors  on  the  Douglas  DC-8  series  aircraft.  More 
recent  developments  include  the  multiple  chutes  proposed  by  General  Electric  for  the 
U.S.  supersonic  transport  engine. 

These  devices  all  act  to  subdivide  the  single  jet  into  several  smaller  jets.  If  the 
smaller  jets  are  spaced  sufficiently  far  apart  so  that  each  jet  mixes  os  a  normal  single 
jet,  the  length  of  the  mixing  region  is  recced  in  proportion  to  the  ratio  of  the 
diameter  of  one  of  the  small  jets  to  the  diameter  of  o  baseline  circular  single  nozzle 
which  has  the  same  area  as  the  total  of  the  small  jets.  Similarly,  the  total  acoustic 
power  of  each  of  the  small  jets  relative  to  the  baseline  circular  jet  is  reduced  in  pro¬ 
portion  to  the  nozzle  area  ratio,  with  its  characteristic  frequency  shifted  up  relative 
to  the  circular  nozzle  in  inverse  proportion  to  the  diameter  ratio.  However,  the 
acoustic  power  of  the  sum  of  all  the  smaller  nozzles  equals  that  of  the  baseline 
circular  jet  since  the  sum  of  the  areas  of  the  smaller  nozzles  equals  that  of  the  base¬ 
line  nozzle. 

The  power  spectrum  levels  for  o  variety  of  sizes  of  non-interfering  tube  nozzles  for  o 
10,000  lb  thrust  jet  is  illustrated  in  Figure  1 1 .  Also  included  in  the  figure  is  the 
power  spectrum  for  two  cases  where  the  exit  velocity  was  reduced  by  lowering  temper¬ 
ature  while  retaining  totaf  pressure  and  the  baseline  circular  nozzle. 

In  general,  it  is  impractical  to  space  the  smaller  jets  sufficiently  far  apart  to  enable 
them  to  mix  normally  without  !nterference.  Consequently,  for  most  practical  con¬ 
figurations,  only  the  peripheral  small  jets  mix  rapidly,  os  would  be  expected  for 
independent  small  jets.  The  inner  jets  tend  to  recombine,  with  the  degree  of  recom¬ 
bination  critically  dependent  upon  the  amount  of  ambient  oir  which  can  be  induced 
into  the  cantrol  portion  of  the  flow. 
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A  simplified  sketch  of  the  flow  from  a  circular  ring  of  tube  nozzles  is  illustrated  In 
Rgure  12.  Reference  5  gives  approximate  solutions  for  the  flow  from  idealized  nozzl 
of  this  type  and  compares  the  solution  with  data  taken  by  Lawrence  and  Benninghoff 
(Reference  25)/  as  shown  in  Figure  13. 


t 


Downstream  station 

Figure  12.  Sketch  of  Two  Nozzles  in  the  Plane  Containing  the  Axis  of  a  Simplified  Axi- 
symmctrie  Peripheral  Tube  Nozzle  Illustrating  Development  of  Final  Mixed 
Jet  and  the  Mixing  of  the  Individual  Jets.  (From  Reference  5.) 


!  A  method  for  computing  the  noise  for  idea!  tube  nozzles  which  were  equally  distributed 

within  a  circular  envelope  was  developed  in  Reference  5.  The  method  consisted  of 
computing  the  sum  of  the  total  acoustic  power  for  the  peripheral  small  jets  and  the 
acoustic  power  for  the  slower,  larger  diameter,  combined  mixed  jet.  The  velocity  and 
size  of  the  slower  combined  mixed  jet  were  related  to  the  nozzle  exit  velocity  and  the 
diameter  (d?)  of  the  circle  which  envelopes  the  tube  array. 

f 
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Figure  14  shows  two  examples  of  a  comparison  of  the  results  from  the  Reference  5  method 
with  data  for  two  configurations  of  12-lobe  nozzles.  The  low  frequency  peak  in  the 
sound  power  spectrum  results  from  the  combined  jet  and  is  lower  in  magnitude  for  the 
configuration  with  the  larger  envelope  diameter.  The  high  frequency  peak  in  the  cal¬ 
culated  sound  power  spectrum  results  from  the  flow  from  the  12  lobes;  its  characteristic 
frequency  is  associated  with  the  typical  peripheral  dimension  of  the  lobes. 
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An  example  of  the  variation  in  total  acoustic  power  for  a  series  of  idealized  circular 
arrays  of  uniformly  distributed  tube  nozzles  as  a  function  of  tube  size,  and  the  ratio  of 
the  envelope  diameter  to  the  diameter  of  a  baseline  single  circular  nozzle  which  has 
the  same  area  as  the  sum  of  the  areas  of  the  tube  nozzles,  is  shown  in  Figure  15.  This 
method  has  not  been  generalized  to  the  prediction  of  perceived  noise  level  along  the 
sideline,  although  recently  it  has  been  applied  successfully  in  an  individual  case  for 
the  proposed  supersonic  transport  (SST)  engine,  utilizing  the  appropriate  directivity 
functions  for  the  jet  noise.  Such  generalization  is  required  to  determine  optimum 
values  for  both  the  characteristic  diameter  of  the  tubes  or  corrugations  and  the  envelope 
aiameter  for  application  to  perceived  noise  level  for  aircraft  operations  near  airports. 

It  is  expected  that  the  optimum  values  for  this  case  will  differ  from  those  indicated  in 
Figure  15  which  apply  to  overall  power  level. 
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Figure  15.  Computed  Variation  in  Total  Acoustic  Power  for  Idealized 
Mixing  Nozzle  Relative  to  That  of  Baseline  Single  Circular 
Nozzle  for  T/T  =  3,  as  a  Function  of  the  Ratio  of  the 
Envelope  Diameter  of  the  Mixing  Nozzle  to  the  Diameter  of 
the  Baseline  Single  Nozzle,  with  Tube  Element  Diameter  as 
a  Parameter,  (From  Reference  5.) 


2.3  Noise  Prediction  for  Jet  Flows  from  Coplanar  Coaxial  Nozzles 


The  flow  from  a  low  bypass  ratio  coaxial  jet  nozzle  is  illustrated  in  Figure  16.  It  is 
characterized  by  two  basic  regions.  In  the  upstream  region,  the  secondary  flow  shrouds 
the  primary  flow.  In  the  downstream  region,  the  two  flows  have  merged  and  behave  as 
a  single  jet  in  accordance  with  the  similarity  parameters  discussed  in  Section  2.  ] .  The 
axial  distance  to  the  station  separating  these  two  regions  is  a  function  of  both  the  area 
ratio  (P)  of  the  secondary  to  primary  nozzles  and  their  velocity  ratio  (U  /  U  =  <5 ). 
When  the  secondary  flow  is  large,  relative  to  the  primary,  the  flows  will  S  ^ 
generally  merge  downstream  of  the  tip  of  the  primary  core.  However,  as  in  Figure  16, 
when  the  secondary  flow  is  small  relative  to  the  primary,  the  merger  will  occur  up¬ 
stream  of  the  tip  of  the  primary  and  only  a  small  amount  of  the  primary  jet  flow  will  be 
shrouded. 


r/r 
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Figure  16.  Approximate  Velocity  Profiles  at  Various  Downstream  Stations  for  Constant 

Density  Annulai  Coplanar  Jet  with  U  /U  =.5  and  r/r  =1.5. 
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Greatrex  (Reference  27)  observed  that  the  noise  of  a  coaxial  jet  should  be  composed  of 
three  parts: 

•  Noise  of  the  secondary  jet  mixing  with  the  atmosphere  (shrouded  region) 

•  Noise  of  the  primary  jet  mixing  into  the  secondary  (shrouded  region) 

•  Noise  of  the  large  combined  jet 

Similar  concepts  were  advanced  in  Reference  5  and  approximate  estimates  were  made 
of  the  reduction  in  acoustic  power  which  could  be  obtained  as  a  function  of  bypass 
ratio,  for  a  velocity  ratio  of  .5,  considering  only  the  noise  produced  by  the  combined 
jet. 

In  order  to  develop  quantitative  estimates  of  these  three  noise  sources,  it  is  necessary 
to  define  the  extent  of  the  shrouded  region  and  the  parameters  of  the  combined  jet. 

The  velocity  profiles  in  the  combined  jet  could  be  duplicated  by  a  portion  of  the  flow 
from  a  single-nozzle  jet  which  has  the  appropriate  nozzle  velocity  and  radius.  Such  a 
single-nozzle  jet  may  be  called  an  "equivalent  jet,"  in  both  an  aerodynamic  and  an 
acoustic  sense. 

The  thrust  of  the  equivalent  jet  must  equal  the  thrust  of  the  actual  coaxial  jet: 


F 

e 


ir  p  U2  r2  = 
f'e  e  e 


U2  r2  + 
P  P 


where  the  subscripts  e,  p  and  s  denote  equivalent,  primary  and  secondary, 
respectively. 


For  a  constant  density  jet,  which  will  be  considered  here,  this  equality  gives: 
«  ' 

U2  r2  =  U2  r2  +  U2  (r2-  r2  \ 
e  e  p  p  s  V  s  p  I 


(2) 


(3) 


At  the  beginning  of  the  combined  jet  from  the  coaxial  nozzle,  it  is  postulated  that  the 
flows  have  merged  and  obey  the  similarity  profile  for  the  single  jet  shown  in  Figure  5. 
Hence,  at  the  most  upstream  or  initial  station  at  which  this  condition  is  fulfilled,  the 
thrust  for  the  combined  jet  is  given  by: 


F 

e 


"Kre- 


(4) 


-20- 


If  the  flows  merge  upstream  of  the  primary  core  tip,  the  first  term  in  the  brackets  is 
non-zero  and  the  equivalent  jet  velocity  equals  the  primary  velocity.  If  the  merger 
occurs  downstream  of  the  primary  core  tip,  the  first  term  in  the  brackets  is  zero  and 
the  equivalent  jet  velocity  equals  the  jet  centerline  velocity.  These  two  cases  are 
illustrated  in  Figure  17. 


a)  Flows  range  upstream  of  primary 


b)  Flows  range  downstream  of 


Figure  17.  Sketch  of  Equivalent  Jet  Flow  Profile  for  Two  Coses. 


The  radius  of  the  separation  boundary  between  the  inner  momentum  flow  due  to  the 
primary,  and  the  outer  momentum  flow  due  to  the  secondary,  may  be  defined  for  any 
axial  station.  At  the  initial  station,  however,  where  the  flows  merge  and  initially 
obey  the  similarity  profile  for  the  combined  jet,  the  velocity  associated  with  the 
radius  (r,)  is  approximately  equal  to  the  secondary  flow  velocity.  Hence,  at  the 
initial  station: 
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U  =  U  e 
s  c 
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(5) 
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For  case  (b)  of  Figure  17,  the  momentum  of  the  outer  flow  at  Station  1  may  be  written 
as: 


rdr 


=  u  pb,  U  e 
^  i  c 


2  1 12  «-<r|/bj)2 


(6) 


Substituting  from  Equation  (5)  and  recognizing  that  the  tip  of  the  core  of  the  equivalent 
jet  =  b , : 


where  P  is  the  area  ratio  of  the  secondary  to  primary  jets. 
From  Equations  (3)  and  (7),  the  velocity  is  given  by: 


where  6  is  the  velocity  ratio,  U  /U  . 

*  P 


(7) 
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The  radius  and  velocity  ratios  for  the  equivalent  jet  from  Equations  (7),  (8)  and  (9)  are 
plotted  in  Figure  19  as  a  function  of  the  area  and  velocity  ratios  of  the  coaxial  jet. 
When  the  nozzle  area  ratio  is  iess  than  1,  the  equivalent  jet  velocity  equals  the 
primary  velocity  for  all  values  of  the  secondary  velocity.  The  minimum  area  ratio 
required  to  ensure  complete  shrouding  of  the  primary  jet  core  increases  from  1  at  low 
values  of  the  velocity  ratio  to  approximately  2  for  6  =  0.7  and  to  over  5  for 
6  =  0.9.  When  the  area  ratio  is  less  than  the  minimum  required  for  complete 
shrouding,  the  equivalent  jet  radius  is  indicated  by  the  dashed  lines  in  the  figure. 

This  information  can  be  used  to  construct  an  approximate  model  of  the  entire  flow-field 
and  estimate  the  resulting  acoustic  power  spectrum  utilizing  the  general  methods  of 
Reference  5.  However,  the  purpose  of  these  experiments  is  to  develop  generalized 
curves  of  sideline  perceived  noise  level,  and  the  detailed  computation  of  power  spectra 
is  not  sufficient  for  this  purpose.  Rather,  it  is  more  relevant  to  examine  the  gross  trends 
in  overall  acoustic  power  as  a  function  of  coaxial  jet  parameters  to  obtain  guidance  for 
understanding  the  experimental  variations  of  perceived  noise  level. 

For  this  discussion,  the  noise  estimates  for  the  cooxial  jet  flows  will  be  compared  to 
the  noise  of  a  boseline  single-nozzle  circular  jet  which  has  the  same  velocity  as  the 
primary  nozzle  of  the  coaxial  jet  and  has  the  area  required  to  make  its  thrust  equal  to 
that  of  the  coaxial  jet. 

The  acoustical  power  estimates  are  based  on  the  lowson  and  Pao  relationships 
(References  28  and  29)  which  consider  the  total  acoustic  power  (W)  proportionality 
os: 


W-  pAu4M4c  (U) 

where  u  is  the  fluctuating  turbulent  velocity  which  is  proportional  to  the  velocity 
difference  (AU)  across  o  mixing  layer,  and  Mcis  the  eddy  convection  Mach 
Number. 

For  a  single  je'r,  both  u  and  Mc  ore  proportional  to  the  flow  velocity  U,  so  that 
Equation  (11)  is  equal  to  the  simple  pAU®  Lighthill  relationship.  For  shrouded 
flows,  however,  u  is  proportional  to  the  velocity  difference,  whereas  Mc  should  be 
proportioned  to  a  typicol  value  of  the  absolute  velocity  in  the  mixing  flow.  For  this 
anolysis,  Mc  will  be  considered  proportional  to  tho  maximum  velocity  in  the  mixing 
Icyer. 
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Figure  19.  Relationship  Between  Radius  and  Velocity  of  Equivalent  Jet  and  the 
Parameters  of  a  Constant  Density  Coplanor  Coaxial  Jet. 
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The  acoustic  power  for  the  three 


principal  source  regions  can  be  approximated  by: 


Equivalent  jet: 


W  ~  f2  u8 

e  e  e 


Primary  mixing 
with  secondary: 


W  -  r2  (U  -  U  )4  U4  AL 
ps  p  p  s  p 


Secondary  mixing  w  ^  f2  a 

with  ambient:  so  ~  s  s 


(12) 


where  A  L  is  the  factor  accounting  for  the  lengthening  of  the  primary  jet  by  the 
presence  of  an  external  flow,  os  shown  in  Figure  8. 

The  size  of  the  baseline  jet  which  has  the  same  thrust  as  the  coaxial  jet  and  the  same 
velocity  os  its  primary  nozzle  flow  can  be  determined  from  the  momentum  equation: 


U2  r?  *  U2  r2  +  U2 

p  b  p  p  % 


or 


Its  acoustic  power  is  proportional  *o: 


(13) 
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00 


The  rotio  of  the  power  generated  by  the  downstream  flow  of  the  equivalent  jet  (one- 
half  its  total  power)  to  thot  of  the  baseline  jet  is  from  Equations  (7),  (8),  (12)  and 
(14): 
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Similarly,  the  power  ratio  for  the  primary  mixing  with  the  secondary  is: 
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Ps  _ 
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(U  -  U )  U  A  L 

D  s  D 


k  U8  (I  +  62P) 
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(1  -  5)4  A  L 
k  (1  +  62B) 


and  for  the  secondary  mixing  with  the  ambient: 


r2  U8 
s  s 

2r2  U8  (I  +  62  p} 
p  p 


2(1  +  62p) 


The  constant  k  in  Eq  ration  (16)  has  a  value  between  I  and  2,  with  the  lower  value 
appropriate  when  the  significant  noise-generottng  region  of  the  primary  flow  is  shrouded. 
The  upper  value  should  apply  when  the  primary  flow  is  shrouded  only  to  the  tip  of  its 
core.  Between  these  two  cases,  intermediate  values  should  apply.  For  the  estimates 
in  this  report,  k  =  2  was  used  for  the  area  rotio  of  3,  and  k  =*  I  was  used  for  the 
area  ratios  2,  5  and  10. 

A  firsr  approximation  of  the  noise  from  the  unshrouded  portion  of  the  primary  can  be 
obtained  from: 
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Figure  20  summarizes  the  estimates  of  the  reduction  in  overall  sound  power  level  for  a 
cooxiol  jet  with  on  area  rotio  of  10  using  Equations  (?5),  (16)  and  (17),  A  maximum 
reduction  occurs  at  o  velocity  ratio  of  approximately  .55.  Below  that  velocity,  the 
noise  output  of  the  cooxiol  jet  is  dominated  by  the  noise  generated  by  the  primary  jet 
mixing  into  the  secondary  jet.  Above  a  velocity  ratio  of  .55,  the  noise  output  is 
dominated  by  the  noise  of  the  equivalent  jet  with  a  lesser  contribution  by  the  noise 
generated  by  the  secondary  mixing  with  the  ambient. 

Similar  calculations  have  been  mode  for  area  ratios  of  I,  2  and  5,  with  the  results 
summarized  in  Figure  21 .  The  equivalent  jet  for  an  area  :atio  of  1  has  a  velocity  equal 
to  the  primary  velocity  for  all  values  of  velocity  ratio,  as  seen  in  Figures  18  end  19. 
Therefore,  the  noise  of  the  equivalent  jet  is  almost  constant  and  the  reduction  is 
primarily  controlled  by  the  amount  of  the  primary  core  which  is  shrouded. 
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Figure  20.  Esfimoted  Contributions  to  end  Totol  Reduction  in  Overall  Second  ?o»  ar 
Level  with  Velocity  Rotio  for  Cooxiol  Jets  with  on  Areo  Ratio  of 
o  Fixed  Thrust.  Reduction  is  Measured  Relative  to  o  Sirsgle-i'toiuW  J»t 
Which  hos  Equal  Thrust  and  o  Velocity  Equal  to  U  . 

P 

Incomplete  shrouding  also  affects  the  results  for  oreo  ratio  2  for  velocity  ratios  of  .2 
ond  above.  However,  for  the  remainder  of  the  curves,  the  equivalent  jet  velocity  ;> 
less  than  the  primary  and  the  moximum  noise  reduction  occurs  at  o  velocity  ratio  in 
the  vicinity  of  .5.  These  simple  theoretical  estimates  of  sound  powei  reduction  are 
shown  in  Section  5  to  be  in  general  agreement  with  the  experimental  data,  par¬ 
ticularly  for  the  higher  votues  of  area  ratio. 
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Change  in  Overall  Sound  Power  Level  in  d B 


Figure  21.  Estimated  Reduction  in  Overall  Sound  Power  Level  with  Velocity  Ratio 

for  Coplcnar  Coaxial  Jets  of  Fixed  Thrust  and  Various  Area  Ratios. 

Reduction  i*  Measured  Relative  to  a  Single-Nozzle  Jet  Which  has  Equal 

Thrust  and  a  Velocity  Equal  to  U  . 
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3.0  EXPERIMENTAL  APPARATUS  AND  DATA  ANALYSIS  PROCEDURES 


The  experimental  program  was  conducted  using  model  jets  located  in  an  anechoic  room 
in  order  to  provide  free-field  conditions.  In  this  section,  details  are  given  of  the 
experimental  rig,  supporting  measurement  equipment  and  the  analytical  basis  for 
computer  data  analysis. 


3. 1  Jet  Flow  Parameters  and  Design  of  the  Experiment 


The  following  jet  flow  and  nozzle  configuration  parameters  must  be  considered  in  the 
design  of  the  experimental  program  for  determining  the  noise  characteristics  of  coaxial 
jets: 

Secondary  and  primary  flow  velocities 
Temperature  (density)  of  the  flows 
Relative  size  of  the  secondary  and  primary  nozzles 
Relative  axial  position  of  the  secondary  and  primary  nozzles 
Thrust 


A  range  of  values  must  be  chosen  for  each  of  these  which  covers  the  range  to  be 
expected  from  existing  and  projected  jet  engines  (Reference  30).  In  practice,  an 
engine  designer  works  with  additional  factors  which  are  related  to  those  listed  above, 
such  as  pressure  ratios,  bypass  ratios  and  Mach  numbers,  so  these  also  must  be  con¬ 
sidered,  On  this  basis,  the  following  variation  in  jet  engine  parameters  was  chosen 
for  investigation  in  this  experimental  model  study: 

•  Thrust 

The  thrust  values  of  jet  engines  vary  from  less  than  10,000  lbs  for  the 
smaller  civil  aircraft  up  to  30,000  to  40,000  lbs  for  large  long-range  commercial 
transport  aircraft.  Engines  with  even  greater  thrusts  are  under  development.  Four 
engine  thrusts  of  10,000  lbs,  20,000  lbs,  40,000  lbs  and  80,000  lbs  were  therefore 
used  in  this  program  as  the  equivalent  full-scale  thrusts. 

•  Primary  Nozzles 

Three  different  configurations  were  chosen  with  pressure  ratios  of  1 ,6,  2.5 
and  3.5,  The  first  is  subsonic,  whereas  the  latter  two  are  supersonic.  The  pressure 
ratio  of  3.5  is  higher  than  that  currently  used  in  jet  engines  or  proposed  for  future 
engines,  but  wos  included  lo  give  a  significant  variation  in  primary  nozzle  exit 
velocities. 


Preceding  page  blank 
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•  Secondary  Nozzles 

Present  indications  are  that  engines  with  bypass  ratios  up  to  ten-to-one  are 
being  considered.  In  order  to  cover  this  range,,  the  secondary  nozzles  were  chosen  to 
give  secondary  to  primary  area  ratios  of  approximately  unity,  two,  five  and  ten.  All 
the  secondary  nozzles  were  simple  convergent  nozzles  to  be  run  at  subsonic  or  just 
sonic  conditions. 

•  Flow  Temperature 

<5n  existing  bypass  jets,  the  bypass  air  is  not  used  for  combustion.  For  the 
purposes  of  this  program,  the  secondary  flow  was  therefore  assumed  to  be  at  ambient 
temperature.  For  the  primaryjet,  three  different  temperatures  were  used.  These 
were  ambient,  450  F  and  800  F.  The  latter  temperature  was  a  limitation  provided  by 
the  experimental  facility  and  is  slightly  less  than  conditions  necessary  to  cover  the 
normal  operating  range  of  present  jet  engines. 

«  Flow  Velocity 

At  design  conditions,  the  calculated  ideal  primary  flow  velocities  were  as 
shown  in  Table  i . 


Table  1 

Calculated  Ideal  Primary  Flow  Velocities 
for  Various  Temperatures  and  Pressure  Ratios 


Total  Temperature 

Pressure  Ratio 

60°F 

450°  F 

800°  F 

1.6 

889  ft/sec 

1174  ft/sec 

1437  ft/sec 

2.5 

1201  ft/sec 

1590  ft/sec 

1943  ft/sec 

3.5 

1375  ft/sec 

1818  ft/sec 

2223  ft/sec 

9  Axial  Position 

Most  existing  bypass  engines  have  a  primary  nozzle  that  protrudes  beyond 
the  secondary  (bypass)  nozzle,  but  the  tendency  is  to  reduce  the  uxial  distance 
between  the  two  nozzles  in  order  to  facilitate  the  incorporation  of  silencing  devices. 
The  experimental  facility  was  therefore  designed  so  that  the  secondary  nozzle  could 
be  moved  axially  relative  to  the  primary  nozzle  over  a  range  of  plus  or  minus  eleven 
primary  nozzle  diameters.  In  the  experiments,  axial  displacements  of  11,  5.5,  0, 
-5.5  and  -1 1  primary  nozzle  diamr  iers  were  user. 
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The  complete  set  of  runs  utilizing  all  possible  combinations  of  the  above  parameters 
results  in  nearly  five  hundred  (500)  runs.  In  the  actual  experiments,  approximately 
two-thirds  of  these  possible  runs  were  undertaken.  Table  2  summarizes  the  runs  for 
which  experimental  data  was  obtained  and  analyzed.  Greater  detail  may  be  found 
in  Appendix  A. 


Table  2 


Summary  of  Runs  Completed 


Primary  Temperature 

Ambient 

450°F 

800°F 

Primary  Fully  Extended 

All 

All 

1 .6  Primaries 

3.5  Only 

Primary  Half  Extended 

All 

All 

None 

Coplanar 

All 

All 

All 

Primary  Half  Retracted 

All 

None 

None 

Primary  Fully  Retracted 

All 

None 

None 

All 


3  Primaiy  Nozzles 

4  Secondary  Nozzles 

3  or  4  Secondary/Primary  Velocities 


=  All  Combinations 


3.2  Test  Hardware 


3.2.1  Jet  Rig. 

Figures  22  and  23  show  the  configuration  of  the  jet  rig.  It  consisted  of  two 
coaxial  pipes  through  which  two  separate  air  supplies  were  directed  to  demountable 
coaxial  nozzles.  Each  air  supply  pipe  contained  f'ow  straighteners  at  the  inlet  end, 
composed  of  bundles  of  thin  wall  tubes  laid  axially  within  the  supply  pipes.  The  con¬ 
struction  of  the  assembly  allowed  a  limited  amount  of  longitudinal  movement  of  the 
primary  (inner)  supply  pipe  within  the  secondary  (outer)  supply  pipe.  By  this  means, 
the  relative  positions  of  the  primary  and  secondary  nozzles  could  be  adjusted.  A 
means  of  locking  the  inlet  ends  of  the  coaxial  pipes  provided  the  longitudinal  con¬ 
straint  for  the  primary  supply  pipe  and  nozzle.  By  supporting  the  forward  end  of  the 
primary  supply  pipe  on  a  three-point  axial  suspension  system,  relative  longitudinal 
movement  could  occur  between  the  coaxial  pipes,  as  required  to  allow  for  differential 
expansion.  Additional  longitudinal  adjustment  of  the  relative  positions  of  the  primary 
and  secondary  nozzles  was  attained  by  the  use  of  extension  tubes  on  the  primary 
nozzle  supply. 
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Figure  22.  The  Jet  Flow  Assembly 


The  complete  coaxial  system  was  supplied  with  air  through  flexible  pipes  and  was  sus¬ 
pended  in  a  framework  by  wire  ropes.  The  ends  of  the  wire  ropes  were  connected  via 
universal  joints  to  runners  extending  the  length  of  the  framework.  The  thrust  of  the 
operating  jets  was  applied  to  a  thrust  gage  mounted  on  the  framework  at  the  rear  of  the 
jet  assembly.  To  ensure  that  no  gap  existed  between  the  jet  assembly  and  the  thrust 
gage,  and  to  bring  the  latter  into  the  linear  part  of  its  operating  range,  a  pre-load  was 
applied  to  the  gage.  This  was  accomplished  by  securing  a  known  weight  to  a  cable 
running  over  a  pulley  attached  to  the  rear  of  the  jet  rig  support  structure.  The  entire 
framework  was  covered  with  fiber  glass  to  prevent  acoustic  reflections. 

3.2.2  Jet  Nozzles. 

Three  primary  nozzles  and  four  secondary  nozzles,  illustrated  in  Figures  24  and 
25,  were  fabricated  for  these  experiments.  Figure  24  also  shows  the  primary  nozzle 
extension  lengths.  The  primary  nozzles  were  designed  for  pressure  ratios  of  1 .6,  2.5 
and  3.5.  The  internal  exit  diameters  of  each  nozzle  were  as  follows: 

•  Pressure  ratio  1.6:  Exit  diameter  0.7495  inches 

•  Pressure  ratio  2.5:  Exit  diameter  0.7457  inches 

e  Pressure  ratio  3.5:  Exit  diameter  0,7533  inches 

The  external  diameter  of  the  primary  nozzles  was  one  inch,  except  for  the  last  half¬ 
inch  near  the  nozzle  exit  which  tapered  from  one  inch  diameter  to  0.8  inch  at  the  exit 
plane.  These  nozzles  were  constructed  of  stainless  steel  to  withstand  the  high  primary 
flow  temperatures. 


The  four  secondary  nozzles  had  internal  exit  diameters  as  follows: 


•  Nozzle  No.  1 

•  Nozzle  No.  2 

•  Nozzle  No.  3 

•  Nozzle  No.  4 


1.288  inches 
1 ,491  inches 
1 .955  inches 
2,567  inches 


These  were  manufactured  from  resin-bonded  fiber  glass.  The  actual  ratio  of  the 
secondary  nozzle  flow  area  to  primary  nozzle  exit  area  can  be  calculated  from  the 
above  dimensions,  in  practice,  the  formation  of  boundary  layers  resulted  in  affective 
flow  areas  somewhat  less  than  the  theoretical.  The  effective  flow  areas  were  cal¬ 
culated  from  a  knowledge  of  the  experimentally  determined  mass  flows  through  the 
nozzles  and  their  pressure  ratios  for  a  velocity  ratio  of  one. 
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e  24.  Primary  Nozzles  and  Nozzle  Extension  Pieces 


The  nominal  and  effective  area  ratios  for  the  four  secondary  nozzles  are: 


(For  Velocity  Ratio  of  One) 


Effective 

Nominal 

Coplanar 

1/2  Extended 

Fully  Extended 

Nozzle  No.  1 : 

1 

1.21 

1.00 

1.00 

Nozzle  No,  2: 

2 

2.39 

2.02 

1.95 

Nozzle  No.  3: 

5 

5.23 

4.98 

4.99 

Nozzle  No.  4: 

10 

10.50 

9.76 

10.00 

These  values  apply  only  for  the  condition  when  the  secondary  flow  velocity  approxi¬ 
mated  that  of  the  primary.  When  the  velocities  were  different,  there  were  small 
variations  in  the  effective  area.  For  all  conditions,  however,  the  effective  areas  of 
the  primary  nozzles  were  within  one  percent  of  0.00287  $q.  ft.,  indicating  a  nozzle 
coefficient  of  approximately  94  percent. 

3.2.3  Air  Supply. 

The  air  supplies  for  the  primary  and  secondary  nozzles  were  obtained  from  three 
2-stage  reciprocating  air  compressors  with  combined  mass  flow  rotes  of  275  tbs  per 
minute  and  with  delivery  pressures  in  the  range  125  psig  to  255  psig.  A  booster  com¬ 
pressor  was  also  ovai table  to  increase  the  pressure  from  the  compressors,  with  the 
lower  delivery  pressure  up  to  a  maximum  of  300  psig. 

The  primary  air  supply  was  heated  by  a  gas-fired  heat  exchanger  capable  of  supplying 
550,000  Btu  per  hour.  With  the  air  flows  involved  in  this  program  and  the  length  of 
line  to  the  jet  rig,  the  maximum  static  temperature  attainable  at  the  primary  nozzles 
was  approximately  900  F;  this  was  attainable  only  for  certain  oir  flow  rates.  As  a 
result,  a  primary  flow  temperature  of  800°F  wos  used  for  the  mojori ty  of  the  hottest 
runs.  Provision  also  wos  made  in  the  oir  supply  system  for  the  mixing  of  cold  oir  with 
the  hot  primary  flow  in  order  to  achieve  precise  temperature  control. 

The  mass  flow  of  oir  to  both  primary  and  secondary  nozzles  was  determined  from  the 
pressure  drop  across  the  orifice,  which  wos  measured  by  a  mercury  or  red-oil  manom¬ 
eter.  The  supply  line  oir  pressures  upstream  of  the  flow  measuring  orifices  and  in  the 
settling  chambers  of  the  primary  and  secondary  nozzles  were  measured  by  Ashcroft  dial 
pressure  gages,  Models  I082A  or  I2/9A,  which  have  on  accuracy  of  better  than 
0.5  percent.  The  flow  temperatures  upstream  of  the  flow  orifice  and  in  the  nozzle 
settling  chambers  were  measured  with  thermocouple  probes  and  recorded  on  a  stondoru 
temperature  recorder. 


-39- 


3.2.4  Jet  Traversing  Mechanism. 

To  investigate  the  jet  velocity  and  temperature  p:ofiles  (particularly  for  the  pur¬ 
pose  of  checking  the  nozzle  flows),  three  probes  were  traversed  across  the  jet  flow 
(Appendix  B).  To  accomplish  these  traverses,  the  probes  were  mounted  on  a  carriage 
which  was  driven  across  the  jet  axis  by  a  leadscrew.  The  leadscrew,  in  turn,  was 
driven  by  a  variable-speed  electric  motor  via  a  speed  reducer.  The  shaft  of  a  multi- 
turn  potentiometer  was  coupled  to  the  leadscrew,  the  potentiometer  being  supplied 
with  direct  current  from  a  stabilized  power  supply.  When  the  wi per  of  the  poten¬ 
tiometer  was  connected  to  a  chart  recorder,  the  position  of  the  probes  across  the  jet 
was  indicated  as  a  chart  pen  deflection. 

3.2.5  Anechpic  Room. 

The  anechoic  room  used  for  the  experiments  was  cylindrical  in  shape,  approxi¬ 
mately  30  feet  in  diameter  and  21  feet  high.  To  minimize  acoustical  background 
noise  levels,  the  walls  of  the  room  were  of  high  transmission  loss  construction.  The 
lower  section  of  the  walls  was  constructed  of  cinder  blocks,  the  courses  filled  with 
reinforced  concrete  and  plastered  on  both  sides,  to  a  total  wall  thickness  of  9  inches. 
The  upper  wall  section  was  of  staggered  stud,  wood  frame  construction,  composed  of 
the  following  layers  (from  Interior  to  exterior  wall  surfaces): 

e  1/2-inch  gypsum  wall  board 
e  1/2-inch  wood  fiber  sound  deadening  board 
e  An  air  space  of  5-1/2  inches 
•  1-inch  particle  board  mounted  on  the  outer  studs 

Access  to  the  room  wos  vio  triple,  solid-core  doors  separated  by  air  spaces. 

The  basic  anechoic  treatment  of  the  room  was  o  curtain  wall  of  4-inch  thick  fiber  gloss 
spaced  6  to  10  inches  from  the  interior  wall  surface.  The  floor  of  the  room  was  treated 
in  o  similar  fashion,  and  the  suspended  ceiling  also  consisted  of  a  4-inch  layer  of 
fiber  glass.  The  basic  acoustical  treatment  was  supplemented  by  additional  low  fre¬ 
quency  absorption  in  the  form  of  wedges  that  were  located  in  patches  around  the  wail- 
floor  perimeter. 

The  model  jets  used  for  the  experiments  were  exhausted  through  o  muffler  to  the  exter¬ 
nal  atmosphere.  The  muffler  was  designed  to  preserve  the  acoustical  integrity  of  the 
anechoic  room  and  consisted  of  a  bent  duct  approximately  12  feet  long  and  4  feet 
square.  The  duct  was  lined  with  4  inches  of  fiber  gloss  spoced  4  inches  from  the 
interior  wdls.  A  fiber  glass  splitter  vane  divided  the  duct  cross-section  in  half,  over 
o  longitudinal  distance  of  4  feet,  to  increose  the  high  frequency  absorption  of  the  duct. 


The  suitability  of  the  room  for  acoustic  measurements  such  as  were  undertaken  in  this 
program  is  illustrated  in  Figure  26.  These  data  show  that  the  octave  band  acoustic 
levels  in  the  room  follow  the  inverse  square  law  over  the  frequency  band  width  and 
angulai  positions  used  for  the  measurement  program. 

3.3  Instrumentation 


3.3.1  Acoustical  Data  Acquisition  System. 

The  noise  produced  by  the  jets  was  measured  by  the  system  shown  in  Figure  27. 
This  system  consisted  of  a  microphone  mounted  on  a  boom  which  slowly  traversed  a 
segment  of  a  circle  of  radius  10.67  feet  centered  on  the  secondary  nozzle.  The  seg¬ 
ment  ranged  between  15  and  115  degrees  from  the  jet  axis.  The  microphone  was  a 
Bruel  and  Kjaer  (B  &  K)  half-inch  plane  wave  condenser  microphone,  Type  4133, 
aligned  to  present  the  diaphragm  at  normal  incidence  to  the  noise  from  the  jet.  The 
microphone  output  was  amplified  by  a  B  &  K  amplifier,  Type  2603.  and  the  amplified 
output  fed  to  a  B  &  K  level  recorder.  Type  2305,  and  an  Ampex  two-track  tape 
recorder.  The  system  was  calibrated  using  a  B  &  K  pistonphone.  Type  4220.  The 
system  gain  was  increased  as  necessary  to  bring  the  signal  level  up  toward  the  desired 
recording  level  (i.e.,  about  15  dB  below  the  peak  overload  point).  These  gains  were 
carefully  noted  for  each  run.  The  tape  recordings  were  mode  at  a  tape  speed  of 
15  inches  per  second  to  allow  frequencies  up  to  and  including  the  31 .5  kHz  octave 
band  to  be  recorded. 

The  microphone  traverse  mechanism  contained  a  microswitch  trip  mechanism  which  was 
actuated  at  5-degree  intervals  (starting  at  15  degrees  from  the  jet  axis).  These  5~ 
degree  invervcls  were  marked  on  the  level  recorder  trace,  using  the  event  marker,  and 
used  to  interrupt  a  1  kHz  tone  which  was  then  recorded  on  the  second  chonnel  of  the 
tope  recorder.  This  provided  o  synchronized  index  signol  of  microphone  position  on 
the  tape  recording. 

3.3.2  Acoustical  Poto  Analysis  System. 

The  on-line  recordings  of  the  jet  noise  were  anoiyzed  at  a  later  dote  by  the 
system  shown  in  Figure  28.  The  first  channel  of  the  tope  recorder  contained  the 
recorded  jet  noise.  This  was  fed,  via  an  attenuator  and  amplifier  to  a  8  6.  K  level 
recorder  and  a  Wyle  anaiog-ta-digital  octave  bond  onoiyzer.  The  1000  Hz  signal  on 
the  second  channel  of  the  tape  recorder  indicated  the  positron  of  the  ml crophone- 
t raversing  boom  at  5-degree  angular  increments.  This  signal  operated  through  o  simple 
reloy  device  to  trigger  the  octave  bond  digital  analyzer  and  to  indicate  the  angular 
positions  on  the  event  marker  of  the  level  recorder. 
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Figure  2&«  Inverse  Square  Um  Measurements  in  the  Aneehoic  Room  Using 
RrJf  Octave  Bends  of  Random  Noise.  The  broken  lines  indicate 
a  slope  of  <*  d3  per  doubling  of  distance.  The  hotched  area 
indicates  thts  )«ve!  variation  found  over  o  1 20-degree  sweep  of 
the  microphone  boom. 
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Figure  23,  §lock  Diagram  of  Acoustic  Data  Analysis  System. 


The  recorded  signal  was  fed  from  the  tape  recorder  through  an  attenuator  and  a  booster 
amplifier  to  the  digital  analyzer  which  contains  a  set  of  parallel  B  &  K  octave  band 
filters  with  center  frequencies  ranging  from  63  Hz  to  31 .5  kHz.  The  filter  outputs 
were  then  converted  to  dc  levels,  digitized  and  punched  sequentially  on  a  standard 
8-hole  ASjCil  paper  tape  punch  as  a  3— digit  number.  The  value  punched  is  pro¬ 
portional  to  the  input  voltage,  i.e.,  it  is  linear,  not  logarithmic.  Additional 
punching  included  the  overall  level,  a  reference  level  derived  from  a  separate  input, 
and  a  run  number  which  was  set  by  thumb  switches  on  the  analyzer.  For  this  experi¬ 
ment,  the  reference  signal  and  the  lowest  three  octave  bands  were  not  used.  Suitable 
line  feed,  carriage  return  and  spacing  characters  were  included  on  the  paper  tape  so 
that  the  data  could  be  printed  in  a  legible  tabular  form  by  a  teletype  machine.  The 
paper  tape  punch  could  be  triggered  either  manually  or  by  a  separate  triggering 
«nput. 

Calibration  of  the  system  was  undertaken  using  the  124  dB  acoustic  calibration  signal 
recorded  directly  on  the  data  magnetic  tape  prior  to  each  run.  The  digital  analyzer 
was  adjusted  so  that  124  dB  gave  a  maximum  paper  tape  punch  count  of  999.  A  pre¬ 
liminary  analysis  of  the  overall  sound  pressure  level  was  then  made  using  only  the 
level  recorder  with  the  same  gain  setting  as  was  used  when  the  recordings  were  made. 
The  gain  was  then  increased  so  that  the  maximum  octave  band  level  would  register 
near  999  counts,  obtaining  the  maximum  dynamic  range  of  the  digital  analyzer.  For 
compatibility,  the  overall  output  channel  was  attenuated  by  5  dB  to  insure  that  it 
would  not  overflow  the  counter.  These  gains  and  the  original  recorded  124  dB  cali¬ 
bration  signal  were  utilized  to  calculate  a  calibration  factor  in  millivolts/dyne/cm 
for  use  in  computer  decoding  of  the  digital  tape. 

Systems  such  as  that  described  above  for  dota  acquisition  and  analysis  do  not  have  a 
completely  flat  response  over  the  frequency  range  of  interest  for  this  project.  Therefore 
careful  calibrations  were  made  to  determine  the  octave  band  corrections  that  had  to  be 
applied  to  the  final  octave  band  analysis  produced  by  the  paper  tape  punch.  These 
calibrations  indicated  thar  the  following  corrections  had  to  be  added: 


Octave  Band 
Center  Frequency  (kHz) 


Overall 


Correction  (dB) 


0  0.5  1.5  1.0  2.0  3.0  4.5 


6.0 


The  overall  correction  factor  accounts  for  the  5  dB  added  in  the  digital  analysis  as 
well  as  an  approximate  correction  for  the  octave  band  correction  factors.  This  latter 
correction  obviously  will  be  a  function  of  spectrum  shape  and  therefore  is  not  an  exact 
correction.  Hence,  whenever  calculations  were  made  on  the  octave  band  figures  (as 
in  the  computer  program  to  be  described  later),  the  overall  value  was  calculated  from 
the  sum  of  the  octave  band  levels. 

3.3.3  Thrust  Measurement. 

The  thrust  of  the  model  jets  was  measured  by  suspending  the  whole  jet  assembly 
(as  shown  in  Figure  22)  from  a  supporting  frame  so  that  it  acted  as  a  parallel  pendulum. 
The  assembly  was  then  made  to  react  against  a  force  gage  of  the  prov?ng-r?ng  type. 

This  gage  was  manufactured  by  Wiancko  engineering  Company  (thrust  gage.  Type  F1021). 
It  utilized  a  differential  transformer  excited  by  a  carrier  signal  to  measure  thrusts  in  the 
range  zero  to  100  lbs.  The  gage  was  pretensioned  by  a  constant  5-lb  load  to  eliminate 
initial  non-linearity  at  the  iow  end  of  the  thrust  range.  Calibration  was  achieved  by 
adding  extra  known  weights  to  the  preload  system. 

3.3.4  Jet  Profile  Measurements. 

To  investigate  the  velocity  and  temperature  profiles  of  the  jets,  three  probes 
were  traversed  sequentially  across  the  jet  flow.  The  three  probes  were  modified  types 
manufactured  by  United  Sensor  Control  Corporation,  Watertown,  Massachusetts.  The 
modifications  consisted  of  stiffening  the  probes  so  thet  they  would  not  vibrate  in  the 
jet.  The  three  probes  were: 

•  Total  pressure  probe,  Type  PT,  1/16-inch  diameter 

•  Static  pressure  probe.  Type  PS,  l/16-inch  diameter  j 

•  Total  temperature  probe.  Type  TC,  1/8-inch  diameter 

The  probe  pressures  were  converted  to  electrical  signals  by  the  use  of  carrier-type 
pressure  transducers,  the  outputs  of  which  were  recorded  on  a  multiple-channel  strip 
chart  recorder.  The  total  pressure  probe  was  used  in  conjunction  with  a  0-100  psig 
Statham  pressure  transducer,  Type  PG73 ?  TC— 1 00—350,  while  the  static  pressure  probe 
used  a  Statham  -5  psig  pressure  transducer,  Type  P60aTC  -5D-350,  Both  trans¬ 
ducers  used  Sanborn  carrier  preamplifiers.  Model  150-1 100AS.  The  total  temper¬ 
ature  probe  was  connected,  via  a  reference  junction  contained  in  an  ice  bath,  to  the 
input  of  a  Sanborn  stabilized  dc  preamplifier,  Model  150-1800. 

The  pressure  transducers  and  associated  instrumentation  were  calibrated  as  systems  by 
the  introduction  of  known  reference  pressures  at  the  transducers,  the  gains  of  the 
amplifiers  then  being  adjusted  to  calibrate  the  chart  records.  The  reference  pressures 
at  the  transducers  were  measured  by  means  of  mercury  manometers.  The  total  temper¬ 
ature  probe  system  was  calibrated  by  the  insertion  of  known  voltages  into  the  ass^  -iated 
preamplifier,  together  with  amplifier  gain  adjustment,  to  calibrate  the  chart  records. 
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The  insert  voltages  were  derived  from  standard  tables  of  the  generated  electromotive 
forces  of  Chromei-Alumel  thermocouples  at  different  temperatures.  The  probe  cali¬ 
bration  was  checked  periodically  at  two  fixed  temperature  points  by  inserting  the 
probe  alternately  into  a  melting  ice  bath  and  info  boiling  water. 

3,3.5  Discrete  Tones  and  the  Resulting  Hardware  Modifications. 

With  very  few  exceptions,,  full-scale  jet  engine  exhausts  produce  random  noise 
without  discrete  tones.  However,  discrete  tones  are  sometimes  produced  by  model- 
scale  jets.  Because  of  this  and  the  fact  that  occurrence  of  discrete  tones  would 
invalidate  the  data,  all  runs  were  monitored  aurally,  via  a  loudspeaker  amplifier 
system  connected  to  a  microphone  in  the  test  room.  The  discrete  tones  thus  encoun¬ 
tered  and  the  hardware  modifications  required  to  eliminate  them  will  now  be  described. 

The  first  discrete  tone  was  encountered  during  one  of  the  equipment-checkout  runs, 
under  the  following  conditions.  The  primary  nozzle  (design  pressure  ratio  (R)  =  3.5) 
and  secondary  nozzle  No.  2  were  installed  in  the  coplanar  position,  but  with  no  flow 
through  the  primary  nozzle.  As  the  secondary  supply  pressure  was  gradually  brought 
forward  (through  the  range  to  sonic  secondary  flow  at  13.0  psig),  the  following  sounds 
were  observed.  A  pure  tone  was  first  heard  at  4.7  psig;  it  gradually  grew  more  intense 
until  6  psig  was  reached,  remaining  present  at  apparently  constant  intensity  thereafter. 
Between  6  psig  and  13.0  psig,  several  sudden  jumps  in  pitch  were  observed  as  the 
pressure  was  increased.  It  was  found  that  the  tone  could  be  completely  "turned  off" 
at  will  by  placing  a  fingertip  (or  screwdriver)  very  slightly  into  the  flow  at  the  exit 
plane  at  any  point  on  the  periphery.  Stopping  the  tone  apparently  depends  upon 
destroying  the  perfect  circularity  of  the  nozzle  exit  by  the  very  slightest  amount. 

From  this  observation,  plus  the  previously  described  jumps  in  pitch,  it  was  concluded 
that  the  phenomenon  observed  was  probabiy  a  ring  tone  which  is  known  to  depend  on 
an  acoustic  feedback  mechanism. 

An  experiment  was  made  to  determine  whether  a  small  button-shaped  spoiler  (washer) 
could  be  added  at  the  periphery  of  the  secondary  nozzle  without  adding  measurably  to 
the  random  noise  generation.  Using  the  same  conditions  as  Run  No.  109,  where  there 
were  no  discretes  present,  a  comparison  was  made  of  the  overall  noise  (in  a  120-degree 
sweep  about  the  jet)  with  and  without  the  spoiler,  via  on-line  level  recorder  trace. 
There  was  no  measurable  difference.  This  test  was  followed  by  octave  band  sweeps 
(from  the  1 25  Hz  band  through  the  31 .5  kHz  band)  using  tape-recorded  data.  Again, 
with  flow  conditions  set  and  held  constant  through  the  pair  of  tests,  there  was  no 
measurable  difference.  Hence,  it  was  concluded  that  the  addition  of  the  spoiler  did 
not  generate  any  measurable  amount  of  additional  random  noise,  and  the  spoiler  was 
kept  in  place  on  secondary  nozzle  No.  2  during  all  subsequent  production  runs. 
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The  second  discrete  tone  was  encountered  during  Run  No.  125;  by  a  process  of  elimi¬ 
nation*  it  was  found  that  the  tone  was  being  produced  by  the  primary  nozzle  and 
occurred  even  when  the  secondary  nozzle  was  removed,  it  was  found  that  the  tone  or 
whistle  disappeared  if  the  operating  pressure  ratio  was  reduced  from  the  design  value 
of  2.5  to  2.45,  This  was  confirmed  by  one-third  octave  band  traces.  Large*  spatial ly— 
dependent  spikes  in  several  third-octave  bands  occurred  during  microphone  sweeps 
when  the  audible  whistle  was  present;  these  spikes  disappeared  when  the  whistle 
disappeared. 

In  later  runs*  it  was  found  that  this  whistle  (with  this  primary  nozzle*  and  also  with 
the  high  supersonic  primary  nozzle*  R  =  3.5)  returned  and  could  not  be  removed  by 
slight  alterations  of  the  supply  pressure.  At  this  point*  it  was  decided  that  these  two 
primary  nozzles  would  have  to  be  modified  slightly  by  adding  a  small  brazing  bead  to 
the  inner  edge  of  the  exit.  This  succeeded  in  eliminating  the  pure  tone  or  whistle* 
again  borne  out  by  one-third  octavo  band  sweeps.  The  presence  of  the  brazing  beads 
did  not  add  any  measurable  random  noise*  as  determined  from  comparisons  of  level 
recorder  traces  in  those  third-octave  bands  in  which  tones  were  absent  during  occur¬ 
rence  of  the  whistle.  All  subsequent  runs  were  made  with  these  brazing  beads  affixed. 


3.4  Analytical  Basis  for  Data  Reduction  Computer  Program 


Upon  completion  of  the  model  jet  experiments*  the  acoustic  data  were  in  the  form  of 
octave  band  sound  levels  encoded  as  a  series  of  3-digit  numbers.  A  computer  program 
was  therefore  written  to  convert  this  data  to  model  jet  sound  pressure  levels  in  decibels 
relative  to  2  x  10~4  dynes  per  square  centimeter*  and  to  scale  these  levels  to  the 
values  for  full-scale  jet  engines.  Figure  29  indicates  the  calculations  made  by  the 
computer  program  and  the  order  in  which  they  are  carried  out.  The  details  of  these 
calculations  are  given  in  this  section.  A  description  and  listing  of  the  computer 
program  is  given  in  Appendix  C. 


Figure  29.  The  Functional  Flow  Loop  for  the  Computer  Program. 


-49- 


3,4.1  Flow  Velocities  and  Thrust. 

During  each  model  jet  run,  measurements  were  made  of  the  primary  and  secondary 
mass  flows  and  static  (reservoir)  temperature  and  pressure.  These  values  were  used  to 
calculate  the  primary  and  secondary  flow  velocities.  From  Reference  31,  the  flow 
Mach  number,  M,  as  a  function  of  the  total  pressure  ratio,  R,  across  the  nozzle  is 
given  by: 


M  = 


5  (R*2857 


(19) 


and  the  nozzle  flow  temperature,  T,  is  related  to  the  total  temperature,  Tj.,  by: 


T  =  Tt  (1  +  M2/5)"' 


(20) 


This  temperature  can  then  be  used  to  determine  the  speed  of  sound,  a,  in  the  flow 
(assuming  standard  conditions  of  aQ  =  1 120  feet  per  second  at  519°R).  Thus: 


a  =  a0  ( r/T0)V2  (21) 

so  that  the  nozzle  velocity,  U,  is  given  by  the  product  of  the  Mach  number  and  the 
speed  of  sound: 


U  =  Ma 


(22) 


Although  the  thrust  of  the  model  jets  was  measured  during  each  run,  it  was  found  that 
there  were  some  inconsistencies  in  the  measurements  of  the  early  runs  due  to  instru¬ 
mentation-drift  problems.  These  problems  were  overcome  in  the  latter  runs  but  in 
order  to  maintain  consistency,  the  thrusts,  F,  were  also  calculated  using  the  measured 
primary  and  secondary  mass  flows  (mp,  m$)  and  the  calculated  velocities  (LL,  Us), 
Thus: 


F  = 


mp  Up  +  m$U 


s 


(23) 
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A  check  was  made  between  the  calculated  and  measured  values  and  the  agreement 
found  to  be  very  good  for  all  the  latter  run  numbers.  Therefore,  calculated  thrust 
values  have  been  used  for  all  subsequent  analyses  for  these  runs. 


However,  these  equations  must  be  modified  for  the  runs  in  which  the  primary  nozzle 
was  retracted,.  The  actual  velocity.  Up',  at  the  exit  of  the  retracted  primary  is 
determined  by  the  ratio  of  the  primary  nozzle  pressure  to  the  secondary  nozzle  pressure. 
The  secondary  flow  is  augmented  by  the  mixing  between  the  primary  and  secondary 
flows  upstream  of  the  secondary  nozzle  exit,  and  its  velocity  is  a  function  of  position 
across  the  nozzle.  The  flow  velocity  ratios  tabulated  for  these  retracted  cases  ure 
Us/Up ,  where  U$  is  calculated  for  an  ideal  convergent  nozzle,  as  previously.  Also, 
the  measured  values  of  the  thrusts  were  used  for  scaling  and  tabulation,  since  the  cal¬ 
culated  values  are  somewhat  indeterminate  because  of  the  flow  interaction.  However, 
they  were  reasonably  bounded  by  the  minimum  and  maximum  expected  values  given  by: 


mU'+mU  mU  +  m  U 

P  P  s  s  <  p  <  P  P  s  s 

g  ~  9 

where  prime  indicates  conditions  at  the  exit  plane  of  the  retracted  primary  nozzle. 
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3.4,2  Sound  Pressure  Levels. 

The  measured  acoustic  pressure,  p,  was  calculated  from  the  product  of  the 
calibration  factor  (see  Section  3.3.2)  and  the  encoded  3-digit  number.  The  sound 
pressure  level  (SPL)  was  then  determined  using: 


SPL  =  20  log  p  +  74,  dB  re  2  x  10  *  dynes/cm2 


(25) 


and  the  relevant  octave  band  correction  factors  added  (see  Section  3.3.2),  Since 
these  correction  factors  are  frequency-dependent,  the  correction  factor  for  the  overall 
level  is  dependent  on  spectrum  shape.  It  is  therefore  not  practical  to  calculate  an 
overall  level  correction  factor,  so  the  measured  overall  level  was  replaced  by  the 
overall  level  computed  from  the  sum  of  the  octave  band  levels. 

3.4.3  Sound  Power  Levels. 

Since  the  acoustic  data  was  taken  in  an  anechoic  room,  the  sound  power  radiated 
by  the  jets  can  be  determined  by  integrating  the  acoustic  intensity,  I,  over  the  sur¬ 
face  of  a  sphere  centered  on  the  jet.  The  acoustic  data  was  taken  at  5-degree  intervals. 
The  sound  pressure,  Pi,  measured  at  an  angular  position  0j  from  the  jet  axis  was 
therefore  assumed  to  be  representative  of  the  sound  pressure  over  an  area  A|  such  that: 

A.  =  2irr2  (Cos  (6.  -  2.5°)  -  Cos  (6,  +  2.5°)  )  (26) 
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This  is  the  area  of  a  strip  of  the  spherical  surface  (radius  r)  centered  on  the  jet  axis 
at  the  plane  of  the  secondary  nozzle  exit.  The  strip  subtends  an  angle  of  2.5  degrees 
either  side  of  the  measurement  position  6j  and  extends  all  the  way  around  the  jet 
axis.  The  sound  was  measured  at  21  angular  positions  ranging  from  8,  =  15°  to 
82j  =  115°;  so  the  sound  power,  W,  radiated  is: 

w  =  E  (PiSA./pc)  (27) 

i=l 


This  summation  was  made  for  each  octave  band  and  the  overall  sound  power  calculated 
by  summing  the  octave  band  powers.  The  octave  band  and  overall  sound  power  levels 
(PWL)  were  then  determined  as: 

PWL  =  10  log  W  +  130,  dB  re  10"’3  watts  (28) 

The  value  of  the  characteristic  acoustic  impedance  (pa)  used  in  the  calculation  was 
41 .5  cgs  rayls  at  a  pressure  of  29.92  inches  of  mercury  and  absolute  temperature  of 
519°R.  The  impedance  was  corrected  for  the  ambient  temperature,  TQ,  and  pressure, 
PQ,  measured  for  each  run,  so  that  the  value  of  acoustic  impedance  used  in 
Equation  (27)  was: 


pa  »  41.5  (Pg/29.92)  (5!9/Ta)0,5  cgs  rayls  (29) 

The  radius,  r,  at  which  the  sound  measurements  were  made  was  measured  in  feet,  so 
area  Aj  from  Equation  (26)  is  in  square  feet,  if  the  acoustic  pressure,  Pj,  is  in 
dynes  per  square  centimeter,  the  dimensional  constant  required  in  Equation  (27)  is 
9,29  x  10"  so  that  it  should  read: 


W  *  9.29  x  10 


21 

E 


Aj /pa,  watts 


(30) 


The  above  calculations  have  been  limited  to  the  acoustic  power  produced  by  the  mode! 
jet.  Each  model  jet  has  a  different  thrust,  so  for  comparison  it  is  convenient  to  scale 
the  overall  sound  power  produced  by  the  model  jet,  PWL  ,  with  thrust  F  to  give 
the  sound  power  produced  by  an  engine  with  a  standard  th%st,  F$.  This  requires  the 
scaling  of  the  model  jet  by  scaling  the  nozzle  exit  area,  which  is  directly  proportional 
to  thrust,  since  the  flow  characteristics  of  the  model  and  scaled  jets  are  the  same. 
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The  scaled  power  level,  PWL^,  is  therefore  given  by: 

PWL$  =  PWLm  +  10  log  (Fs/Fm)  (31) 

Throughout  the  computer  program,  four  standard  thrusts  with  values  of  10,000  pounds', 
20,000  pounds,  40,000  pounds  and  80,000  pounds  were  used. 

3.4.4  Directivity  Patterns. 

Having  calculated  the  mode!  power  spectra,  the  directivity  index,  DI,  can  be 
found  using  the  expression: 

Di  =  SPL  -  PWL  +  20  log  r  +  10.5  -  10  log  pa/41,5  (32) 

In  this  expression,  SPL  is  the  measured  octave  band  sound  pressure  level  at  distance 
r  (In  feet)  from  the  jet  and  PWL  is  the  measured  octave  band  power  level .  The  con¬ 
stant  in  Equation  (32)  assumes  a  reference  sound  power  of  1(T13  watts  and  a  reference 
sound  pressure  of  2  x  10~4  dynes  per  square  centimeter. 

At  this  point  in  the  computer  program,  an  indication  is  given  of  the  level  of  the  noise 
floor  relative  to  the  zero  level  on  the  directivity.  This  is  a  function  of  the  calibration 
factor  for  the  sound  pressure  measurements,  and  was  provided  as  a  system  check. 

3.4.5  Acoustic  Conversion  Efficiency. 

The  ratio  of  the  acoustic  power,  W,  produced  by  the  jet  to  the  mechanical 
power  in  the  jet,  E,  is  one  additional  measure  of  the  acoustic  performance  of  the 
jet.  The  mechanical  power  in  watts  is  giver,  by: 

E  =  0,0211  (mU*  +  m,  IL2)  (33) 

when  the  primary  and  secondary  mass  flows  (nip,  ms)  are  in  units  of  pounds  per 
second  and  the  velocities  (Up,  Us)  in  feet  per  second.  Using  the  acoustic  power,  W, 
determined  earlier,  the  acoustic  efficiency,  r?,  is  given  as: 

t}  =  W/E 
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(34) 


3.4.6  Sideline  Sound  Pressure  Levels  for  Full-Scole  Engines. 

The  scaling  of  the  moclel  acoustic  data  to  give  $ie  sound  pressure  levels  on  a 
sideline  parallel  to  the  jet  axis  due  to  a  full-scale  ungine  requires  the  following  oper¬ 
ations  on  the  model  data: 

•  Determine  scale  factor  to  scale-model  thrust  to  standard  thrust. 

•  Shift  model  frequency  to  frequency  of  standard  thrust  nozzle  by  the 
inverse  of  the  square  root  of  the  scale  factor. 

•  Apply  inverse  square  law  appropriate  for  the  desired  distance. 

•  Apply  atmospheric  attenuation  as  appropriate. 

In  scaling  the  measured  data  to  the  equivalent  values  on  a  sideline,  the  physical  situ¬ 
ation  is  as  shown  in  Figure  30.  The  data  taken  on  the  circular  arc  (radius  r)  must  bo 
scaled  to  lie  on  the  sideline.  The  position  of  this  sideline  is  characterized  by  the  side¬ 
line  distance  (see  Figure  30).  For  the  purposes  of  this  project,  two  sideline  dis¬ 
tances  of  500  feet  and  1500  feet  were  chosen.  The  sound  pressure  measured  on  the 
model  jet  at  coordinate  (r,  0)  is  therefore  scaled  to  the  point  (L,  0)  on  one  of 
these  sidelines.  The  sound  pressure  decreases  by  20  log  (L/r)  due  to  this  change. 

In  order  to  scale  the  results  to  allow  for  a  change  of  thrust,  the  engine  thrust  must  be 
increased  without  altering  any  of  the  jet  flow  parameters.  Thus,  the  scaling  is  done 
purely  by  changing  the  nozzle  area.  The  thrust  change  is  then  directly  proportional 
to  the  change  in  area.  For  the  same  flow  velocity  and  density,  the  acoustic  output  is 
also  proportional  to  area.  Hence,  if  the  thrust  is  scaled  from  a  model  thrust  of  Fm 
to  a  full-scale  thrust  of  Fc,  the  sound  pressure  level  at  a  fixed  radius  will  change  by 
10  log  (F</Fm). 

For  this  nroject,  the  full-scale  thrusts  (Fc)  lie  in  the  range  10,000  pounds  to 
80,000  poui . Js  while  the  model  jets  hod  thrusts  ranging  from  6  pounds  to  120  pounds. 
Similarly,  for  the  1500-foot  sideline,  the  propagation  distances  range  from  1500  feet  to 
6000  feet,  compared  to  a  model-jet  measurement  distance  of  10.67  feet.  For  these 
values,  the  combined  distance  and  thrust  scaling  correction  varies  over  a  range  from 
-2dB  to  -36  dB. 

The  atmospheric  absorption  data  were  taken  from  Reference  32.  The  data  for  a 
standard  day  with  a  temperature  of  519°R  and  relative  humidity  of  70  percent  were 
used  and  are  plotted  in  Figure  31 . 


Figure  30.  Geometry  for  Obtaining  Sideline  Sound 
Pressure  Levels  from  Measured  Data. 


-55- 


Sideline 


For  the  computer  program,  it  was  desirable  to  fit  a  curve  through  the  data  points. 
This  resulted  in  the  following  empirical  equation  for  the  absorption  a(f$)  in  dB  per 

1000  feet: 


a(fs)  =  I0b(f-'  (3.5) 

where 

b(fs)  -  a0  ♦  log  (fg/1000)  («j  +  a2  log  (f/IOOO)) 

f$  is  tire  octave  band  center  frequency  for  the  full-scale  engine 

a0  =  0.127 

or,  s  1.338 

a2  -0.20? 

This  exp;^:*on  was  chosen  solely  for  convenience  in  the  computer  analysis.  It  pro¬ 
vided  values  for  air  absorption  over  the  full-scale  frequency  rungs  which  were  in  sub¬ 
stantial  agreement  with  values  computed  by  a  more  exact  theoretical  model  for  the 
measured  data  (Reference  33).  Absorption  corrections  were  rn>f  required  for  the  model 
dot  a  because  the  distance  from  the  mods  I  jar  to  the  mossurod  point  w<?s  unail. 

Combining  these  factors,  the  iotas  change  from  the  model  sound  proi»j;e  level,  SPl^,, 
to  full-scale  sound  pressure  level,  SFt^,  Is  given  by; 

s  SPlfH  ♦  10  log  (h$/Fm)  •  3}  log  d/t  •  -  t  »{%)./  IS00  (36) 


The  change  In  frequency  uecomponyl^  this  in  level  Is  based  on  the  use  of  a 

constant  Sfrouhol  number,  $*  bwfor©  and  after  the  scaling  process.  Thus: 

$  *  td/U  *  constant  (37) 


where  f  Is  o  frequency,  d  is  a  typical  dimension  of  the  jet,  end  U  >s  o  fypicol  jet 
velocity.  We  hove  cusHt-anf  flow  conditions  in  the  scaling  process.  Hence, 

U  *s  unaltered  by  the  scaling.  However,  the  area  of  the  jet  is  altered  in  proportion 
to  the  thrust,  so  a  ^iool  linear  dimension  changes  according  to  the  square  root  of  the 
thrust.  Thus,  if  is  o  typical  frequency  of  the  model  jet,  applying  Equation  (37) 
yields: 

<S  ■  C,  08) 

This  equation  governs  the  frequency  sooting  and  also  is  used  to  define  the  full-scale 
frequency  used  In  Equation  (35) , 
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3.4.7  Perceived  Noise  Level. 

Once  the  sideline  octave  band  levels  hove  been  determined,  the  perceived  noise 
levels  can  be  calculated.  The  method  used  is  specified  in  Reference  34,  utilizing  the 
equations  given  in  Table  II  of  that  reference  to  calculate  the  Noy  values.  Under 
certain  circumstances,  the  lowest  and  highest  octave  bands  of  sideline  sound  pressure 
fall  outside  the  range  of  50  Hz  to  10  kHz  covered  by  this  reference.  For  octave  band 
frequencies  below  50  Hz,  the  Noy  value  was  calculated  as  if  the  octave  band  fre¬ 
quency  were  50  Hz.  Frequencies  above  10  kHx  weie  assumed  to  make  no  contribution 
to  the  perceived  noise  level  and  were  therefore  ignored. 

The  original  model-jet  sound  pressure  measurements  were  taken  in  seven  octave  bands 
up  to  and  including  the  31 .5  kHz  band.  When  these  data  are  scaled  to  the  higher 
thrust  values,  the  upper  frequency  bond  does  not  always  extend  above  the  frequency 
containing  ‘he  peek  in  the  Noy  curves.  This  condition  often  occurred  with  the 
largest  sealed  thmst  of  80,000  pounds,  sometimes  resulting  in  erroneously  low  per¬ 
ceived  noise  level  values.  To  overcome  this  deficiency,  the  model  doto  were  extrap¬ 
olated  by  addins  four  extra  octave  bands  above  the  31 .5  kHz  band,  assuming  a  3  dB 
per  octave  decrease  in  level  from  the  31 .5  kH>.  band.  In  many  coses,  the  atmospheric 
attenuation  reduces  these  extra  bands  to  negligible  small  levels  when  they  ore  scaled 
to  the  sideline.  In  certain  cases  for  the  higher  sealed  thrusts,  the  first  of  these  added 
bands  has  a  significant  effect  on  the  perceived  noise  level.  In  order  to  indicate  the 
magnitude  of  this  effect,  the  perceived  noise  level  calculations  were  mode  twice  ond 
printed  out  by  the  computer.  The  first  value  of  ?Nl  was  obtained  using  all  octave 
bonds,  including  ‘he  four  extra  bands.  The  second  value  of  PNL  (printed  in  po'enthesis) 
utilizes  only  the  original  seven  octave  bands  of  doto.  tn  this  way,  the  effect  of  the 
added  bonds  is  clearly  seen  for  each  case. 
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4.0  DESCRIPTION  OF  THE  EXPERIMENTAL  DATA 


During  the  course  of  this  program,  the  sound  from  over  310  model  jet  configurations 
was  measured  and  processed  by  the  computer  program.  An  effective  presentation  of 
all  of  these  detailed  data  could  not  be  made  within  one  cover.  Thus,  the  principal 
results  are  given  in  this  report,  supplemented  by  a  detailed  tabulation  of  the  results 
in  Volume  II.  Appendix  A,  in  Volume  I,  gives  a  detailed  listing  of  the  run  numbers 
and  associated  run  conditions.  This  section  describes  the  format  of  the  detailed  data 
and  discusses  a  few  pertinent  points  concerning  the  results. 


4.1  Computer  Output  Data 


For  each  experimental  run  condition,  the  output  of  the  computer  program  consists  of 
the  following  major  items  of  information: 

(1)  The  basic  run  conditions,  including  such  items  as  mass  flow,  velocity, 
thrust  and  pressure  ratio. 

(2)  The  octave  band  sound  pressure  levels  for  the  model  jet.  The  data  are 
presented  in  seven  octave  bands  with  frequencies  ranging  from  500  Hz 
to  31 .5  kHz,  and  an  overall  level  computed  as  the  sum  of  the  octave 
band  levels.  Levels  are  given  at  5-degree  angular  increments,  starting 
at  an  angle  of  15  degrees  from  the  jet  axis  in  the  flow  direction  and 
extending  to  115  degrees  around  an  arc  of  10.67  feci  radius. 

(3)  The  model  jet  sound  power  octave  band  spectrum  and  overall  level. 

This  information  Is  the  result  of  an  integration  of  the  sound  power  over 
a  spherical  surface  within  the  angular  limits  specified  in  (1)  above. 

(4)  The  overall  sound  power  level  for  full-scale  jets  with  thrusts  of  10,000 
pounds,  20,000  pounds,  40,000  pounds  and  80,000  pounds. 

(5)  The  model  jet  directivity  index. 

(6)  The  model  jet  mechanical  power  and  acoustical  conversion  efficiency. 

(7)  The  octave  band  sound  pressure  levels,  overall  sound  pressure  levels 
and  perceived  noise  levels  on  a  500-foot  sideline.  These  levels  are 
given  for  each  of  the  5-degree  angular  positions  used  in  the  model 
sound  pressure  level  measurement  (see  (1)  above).  The  coordinate  defin¬ 
ing  position  on  this  output  (L)  is  the  distance  from  the  jet  to  the  sideline 
at  various  angles.  Two  values  of  the  perceived  noise  level  are  printed, 
as  explained  earlier  in  Section  3.4.7,  The  first  value  is  computed  from 
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the  measured  plus  extrapolated  octave  band  levels.  The  value  in 
parentheses  utilizes  only  the  seven  measured  octave  bands  in  the  per¬ 
ceived  noise  level  calculation. 

(8)  The  same  information  as  in  item  (7)  above,  but  for  a  1500-foot 
sideline. 

This  information  occupies  many  pages  of  computer  output  and  was  condensed  for  pre¬ 
sentation  in  Volume  II  in  the  format  shown  in  Figure  32.  The  data  presented  include 
items  (I),  (2),  (3),  (4)  and  (8)  for  the  20,000  pound  thrust  case  only.  From  these 
data,  two  sets  of  summary  plots  were  made.  The  first  set  gives  the  overall  sound 
power  level  for  a  20,000  pound  thrust  engine  as  a  function  of  mass  flow  ratio  (ratio  of 
secondary  mass  flow  to  primary  mass  flow),  and  the  second  presents  the  maximum 
1500-foot  sideline  perceived  noise  level  as  a  function  of  mass  flow  ratio.  For  each 
of  these  sers  of  plots,  each  graph  represents  one  combination  of  primary  nozzle  temper¬ 
ature,  primary  pressure  ratio  and  primary  axial  position.  Thus,  28  plots  are  required 
for  each  set  to  cover  all  run  conditions  measured  in  the  experiment.  The  complete 
set  of  plots  for  overall  power  level  and  for  perceived  noise  level  are  given  in 
Appendices  D  and  E,  respectively. 

For  illustration,  an  example  from  each  set  is  presented  in  Figures  33  (overall  sound 
power  level)  and  34  (perceived  noise  level).  Each  of  these  graphs  contains  a  point  on 
the  vertical  axis,  giving  the  result  for  the  primary  nozzle  alone,  and  four  solid  lines 
for  the  four  different  values  of  the  nominal  ratio  of  secondary  nozzle  area  to  primary 
nozzle  area.  (See  Section  3.2.1  for  the  exact  values.)  The  experimental  points  on 
each  of  the  four  lines  correspond  to  various  velocity  ratios. 

The  experiments  documented  in  this  report  include  the  determination  of  the  directivity 
of  the  jets  measured  in  an  anechoic  room  where  there  was  no  reflecting  ground  plane 
and  the  possibility  of  the  jet  exhaust  being  deflected  by  low  velocity  air  currents  was 
eliminated.  Many  of  the  measurements  of  directivity  patterns  previously  reported 
were  made  in  the  open  where  the  presence  of  a  ground  plane  can  significantly  affect 
the  measured  results  (References  5  and  35),  and  a  slight  breeze  can  markedly  bend 
the  jet  exhaust  plume  and  hence  distort  the  directivity.  It  is  therefore  felt  that  a 
useful  side  benefit  from  the  present  tests  is  a  set  of  single-nozzle  directivity  patterns 
from  which  all  ground  plane  and  cross-wind  effects  have  been  removed.  Consequently, 
a  set  of  directivity  plots  and  sound  power  spectra  for  each  of  the  primary  nozzles 
acting  alone  is  presented  in  Appendix  F. 
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Figure  32,  Example  of  Computer  Output  for  One  Computer  Run, 
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Figure  33.  Variation  in  Overall  Sound  Power  with  Bypass  Ratio  for  Thrusts 
Scaled  to  20,000  Lbs. 
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Figure  34.  Variation  in  Maximum  Perceived  Noise  Level,  on  a  1500-Foot 
Sideline  with  Bypass  Ratio  for  Thrusts  Scaled  to  20,000  Lbs. 
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4.2  Some  Experimental  Anomalies 


Some  of  the  results  of  this  program  depart  from  the  expected  trends.  These  anomalies 
are  discussed  in  the  following  paragraphs. 

The  first  anomaly  occurred  when  the  secondary  flow  velocity  equaled  the  primary 
velocity.  Evidence  of  this  is  to  be  found  in  Figures  33  and  34,  for  Run  Numbers  102 
to  117.  Here,  for  unity  velocity  ratio,  the  scaled  power  level  and  perceived  noise 
level  values  for  the  coaxial  nozzles  are  in  excess  of  the  level  produced  by  the  primary 
nozzle  alone.  One  would  expect  the  scaled  noise  produced  by  nozzles  with  a 
velocity  ratio  of  unity  to  be  the  same  as  that  produced  by  the  primary  alone,  if  any 
interaction  effect  between  the  primary  and  secondary  flow  is  neglected.  In  this  case, 
the  primary  nozzle  acting  alone  has  been  checked  extensively  and  there  is  no  doubt 
as  to  the  reliability  of  the  data.  In  addition,  its  noise  output  agrees  well  with  the 
level  predicted  by  Reference  5.  This  indicates  that  the  increase  in  level  is  due  to  the 
presence  of  the  coaxial  nozzles.  The  exact  cause  of  this  discrepancy  is  not  known, 
but  an  examination  of  the  acoustic  power  spectra  shows  that  additional  noise  sources 
are  present  which  increase  the  middle  and  high  frequency  content  of  the  spectra. 

The  worst  case  is  illustrated  in  Figure  35. 

Examination  of  all  of  the  power  spectra  show  that  this  increase  in  the  high  frequency 
region  of  the  normalized  power  spectra  Is  most  significant  for  the  coplanar  cold  1 .6 
pressure  ratio  nozzle.  There  is  little  or  no  effect  for  the  lower  area  ratio  secondary 
nozzles  with  the  half  and  fully  extended  primaries,  whereas  with  the  coplanar  nozzles 
these  area  ratios  exhibited  the  largest  effect.  Also,  examination  of  all  the  coplanar 
nozzle  power  spectra  for  lower  velocity  ratios  indicated  that  this  effect  was  generally 
not  present. 

These  results  are  consistent  with  the  possibility  that  the  additional  source  is  associated 
with  the  contraction  of  the  external  diameter  of  the  primary  nozzle  pipe  from  1 .0  to 
0.8  inches  over  a  distance  of  I/2-inch  forward  of  the  nozzle.  This  contraction  in 
the  primary  pipe  diameter  creates  a  slightly  divergent  secondary  nozzle  for  the 
coplanar  case,  with  the  throat  approximately  1/2-inch  upstream  of  the  nozzle  plane. 
The  amount  of  divergence  decreases  with  increasing  area  ratio,  as  can  be  seen  by 
comparing  the  area  ratios  given  in  Section  3.2  for  the  coplanar  and  extended  primary 
nozzle  cases.  Consequently,  the  effect  would  be  expected  to  be  greatest  for  the 
smaller  area  ratio  secondary  nozzles.  Also,  the  acoustic  effect  would  be  expected 
to  be  greatest  for  flow  velocities  in  the  sonic  region  where  the  divergence  acts  as  a 
supersonic  diffuser,  accelerating  the  flow  rather  than  slowing  it. 

Additionally,  as  shown  in  Appendix  B,  the  boundary  layer  shed  from  the  outside  of 
the  primary  nozJe  prevents  the  coplanar  nozzles  from  having  completely  uniform 
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velocity  profiles.  The  turbulence  induced  by  this  velocity  defect  probably  causes 
additional  sound  generation  at  a  frequency  associated  with  the  scale  of  the  con¬ 
traction  (^0.1  inch)  and  with  a  magnitude  which  increases  proportional  to  a  power 
of  the  secondary  flow  velocity.  A  similar  condition  would  undoubtedly  be  present  on 
a  real  full-sized  jet  engine,  although  its  magnitude  may  well  vary  considerably  with 
variations  in  internal  nozzle  geometry,  and  hence  would  not  necessarily  scale  correctly 
from  these  model  jet  results. 

The  second  anomaly  is  associated  with  the  secondary  nozzle  which  has  an  area  ratio 
of  2.  This  effect  is  illustrated  in  Figure  36  for  Run  Numbers  176  to  187,  where  the 
noise  for  the  area  ratio  2  nozzle  is  greater  than  would  be  expected.  Examination  of 
the  nozzle  showed  that  it  had  been  over-heated  when  the  primary  was  run  with  high 
temperature  air,  since  the  inside  had  become  roughened  and  charred.  This  roughness 
would  cause  an  unusually  turbulent  boundary  layer  to  be  produced  inside  the  mouth 
of  the  nozzle.  From  an  examination  of  the  data,  the  over-heating  appears  to  have 
happened  just  before  Run  148;  for  all  njn  numbers  below  148,  the  nozzle  produces 
results  consistent  with  those  produced  by  the  other  nozzles,  but  thereafter  it  appears 
to  produce  too  much  noise.  The  results  for  this  area  ratio  for  run  numbers  greater 
than  147  should  therefore  be  treated  with  caution. 

The  third  anomaly  concerns  a  noise  source  associated  with  the  two  supersonic  primary 
nozzles.  In  the  majority  of  the  runs  with  these  nozzles,  the  model  directivity  pattern 
in  the  higher  octave  bands  (principally  the  31 .5  kHz  and  16  kHz  bands)  showed  an 
unexpected  increase  at  angles  near  90  degrees  to  the  jet  axis.  The  maximum  value 
of  this  increase  was  usually  found  near  110  degrees. 

This  phenomenon  is  shown  in  Figure  37  for  Run  128,  which  had  a  primary  nozzle  with 
pressure  ratio  2,5  and  temperature  of  64  F,  together  with  a  coplanar  secondary  nozzle 
of  area  ratio  10  and  velocity  ratio  of  0,38.  This  figure  illustrates  one  of  the  worst 
examples  of  this  phenomenon.  It  shows  the  directivity  patterns  for  the  5  highest  octave 
bands.  The  31.5  kHz  and  16  kHz  bands  are  seen  to  be  10  to  12  dB  high  at  110  degrees 
while  the  remaining  bands  form  a  consistent  group,  decreasing  in  level  with  increasing 
angle.  It  is  obvious  that  such  a  discrepancy  cannot  be  truly  representative  of  a  full- 
size  jet  and  that  the  model  data  should  be  corrected.  Fortunately,  the  peaks  in  the 
forward  direction  of  directivity  pattern  for  both  the  anomalous  octave  bands  have  not 
been  affected  (this  was  always  the  case  in  all  runs  with  this  fault)  so  that  the  cor¬ 
rection  to  the  directivity  and  computer  corrections  could  be  made. 

As  part  of  an  evaluation  of  this  phenomena,  a  one-tenth  octavo  analysis  was  made  of 
the  sound  at  110  degrees  from  the  jet  axis  and  at  frequencies  up  to  25  kHz.  This 
analysis  is  shown  in  Figure  38.  It  does  not  show  any  evidence  of  a  discrete  frequency, 
but  rather  a  broad  peak  with  a  bandwidth  of  approximately  one  octave. 
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Figure  38.  One-Tenth  Octave  Band  Analysis  of  Directivity  Anomaly  for 
Run  128  at  110  Degrees. 


Finally,  a  check  was  made  to  determine  the  effect  of  this  anomaly  on  the  computed 
sound  power  levels  and  sideline  perceived  noise  level.  The  corrections  indicated  in 
Figure  37  lowered  the  sound  power  level  in  both  the  16  kHz  and  31.5  kHz  bands. 

The  resulting  overall  sound  power  levels  decreased  1.5  dB.  The  sideline  perceived 
noise  levels  were  then  checked.  It  was  found  that  the  true  maximum  sideline  per¬ 
ceived  noise  level  was  not  altered  by  this  change  in  the  higher  two  bands  for  any  of 
the  full-scale  jet  thrusts.  Similar  checks  were  made  on  other  runs  where  this  problem 
was  severe,  with  the  same  basic  conclusions.  These  results  indicate  that  the  scaled 
overall  sound  power  level  plots,  of  which  Figure  33  is  an  example,  are  altered 
slightly  when  the  anomaly  under  discussion  is  at  its  worst,  but  that  the  maximum  side¬ 
line  perceived  noise  level  is  not  altered.  On  this  basis,  all  runs  which  showed  this 
anomaly  were  corrected,  as  in  Figure  37,  and  are  noted  by  an  asterisk  (*)  in  the 
run  number  schedule  in  Appendix  A. 

The  cause  for  this  anomaly  is  not  known.  It  appeared  in  almost  all  of  the  coplanar 
and  extended  nozzle  configurations,  in  a  few  of  the  half  retracted  configurations, 
and  none  of  the  fully  retracted  runs.  It  was  only  slightly  in  evidence  (»2  dB  at 
31.5  kHz)  when  the  2.5  pressure  ratio  nozzle  was  run  alone.  However,  it  was 
present  in  most  of  the  runs  of  the  3.5  pressure  ratio  nozzle  which  was  operated  at 
several  pressure  ratios.  These  latter  results,  shown  in  Appendix  G,  indicate  that  the 
effect  is  present  for  all  pressure  ratios  greater  than  2.0,  generally  increasing  in 
magnitude  with  increasing  pressure  ratio. 
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5.0  DISCUSSION  OF  RESULTS  AND  THEIR  APPLICATION  TO 
FULL-SCALE  ENGINES 


This  section  reviews  the  principal  experimental  resuits  which  are  relevant  to  pre¬ 
dicting  the  noise  of  full-scale  engines  and  to  understanding  the  noise  reduction 
characteristics  of  coaxial  jet  flows  in  terms  of  the  analysis  in  Section  2.3.  These 
results  are  utilized  to  develop  a  prediction  method  for  full-scale  engines  and  to 
evaluate  the  differences  between  the  noise  characteristics  of  practical  full-scale 
coaxial  jet  engines  and  those  of  idealized  single-nozzle  engines  with  a  similar  exit 
velocity. 


5,1  Discussion  of  Principal  Experimental  Results 


The  experimental  results  will  be  examined  with  a  view  to  determining  the  noise  reduc¬ 
tion  characteristics  of  coaxial  jets.  The  noise  reduction  of  o  coaxial  jet  is  defined  to 
be  the  difference  between  the  noise  of  the  coaxial  jet  and  that  of  a  single-nozzle  jet 
which  has  the  same  thrust  as  does  the  coaxial  jet  and  the  same  flow  conditions  as  those 
of  the  primary  nozzle  of  the  coaxial  jet.  This  comparison  eliminates  the  gross  vari¬ 
ations  due  to  changes  in  primary  velocity  and  temperature.  The  following  paragraphs 
examine  the  noise  produced  by  the  primary  nozzles  alone  and  the  changes  in  sound 
power,  directivity  and  maximum  sideline  perceived  noise  level  resulting  from  the 
coaxial  jet  flow. 

5.1.1  Noise  of  the  Primary  Nozzles. 

Figures '’39',  40  and  41  show  the  sound  produced  by  the  three  pHmcxy  nozzles 
with  the  three  pressure  ratios  and  three  totol  temperatures  os  shown,  os  o  function  of 
the  flow  velocity.  Figure  39  shows  the  measured  overall  sound  power  level  for  the 
tisodel  primary  nozzles.  The  dashed  curve  for  the  overall  sound  power  level  shows 
reasonable  agreement  with  the  data  except  for  the  60-degree,  pressure  ratio  3.5 
nozzle.  The  line  can  be  represented  by: 


U 

PWL  =  123.6  ♦  80  log  ^ 


in  dB  re  10 


-13 


watts 


(39) 


where  Up  is  the  primary  velocity.  This  curve  is  2  dB  greater  than  that  given  in 
Figure  1,  which  is  based  principally  on  doto  obtained  over  a  ground  plane  and  assumed 
to  hove  hemispheric  radiation.  Since  the  data  in  this  report  were  taken  in  free 
spherical  space,  the  difference  might  indicate  fhot  the  fypiecl  ground  plane  in 
Figure  I  provided  some  obsorption  ond  reflection  losses,  partially  invalidating  the 
assumption  of  ideal  hemispheric  radio* ion. 
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Maximum  1500-Foot  Sideline  Perceived  Noise  Level  (PNdB) 


Figure  41 .  Variation  in  Maximum  1500-Foot  Sideline  Perceived 
Noise  Level  for  the  Primary  Nozzles  Alone,  Scaled  to 
20,000  Lbs  Thrust. 
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Figure  40  shows  the  same  data  scaled  to  a  thrust  of  20,000  pounds.  The  dashed  line 
represents  the  curve  of  Figure  39  scaled  in  accordance  with  the  following  expression: 

PWL(20,000  lbs)  "  159  +  60  '°8  T^!  dB  r*  ,<f'3wo,,s  «°> 

The  change  in  the  velocity  exponent  from  8  to  6  results  from  the  thrust  scaling. 

Figure  41  gives  the  maximum  perceived  noise  level  on  a  1500-foot  sideline  for  these 
jets  scaled  to  a  thrust  of  20,000  pounds.  These  results  appear  to  be  proportional  to  U8. 

To  calculate  the  overall  power  for  a  thrust  other  than  20,000  pounds,  the  results  on 
Figure  40  can  be  scaled  by  ten  times  the  ratio  of  the  new  thrust  to  20,000  pounds. 
However,  this  simple  rule  does  not  apply  to  the  maximum  sideline  perceived  noise 
level  because  it  is  also  a  function  of  the  noise  spectrum.  To  determine  the  magnitude 
of  this  effect,  the  change  in  maximum  1500-foot  sideline  perceived  noise  level  was 
calculated  for  thrusts  of  10,000,  20,000,  40,000  and  80,000  pounds.  The  results  are 
shown  in  Figure  42,  along  with  the  extent  of  the  scatter.  The  mean  line  through  the 
data  has  a  slope  proportional  to  F*83,  indicating  that  doubling  the  thrust  produces  a 
maximum  perceived  noise  level  increase  of  approximately  2.5  PNdB. 

5,1.2  Reduction  in  Overall  Sound  Power  Level  Associated  with  Coaxial  Jet  Flows. 

To  determine  the  sound  power  level  reductions  associated  with  the  various  coaxial 
jet  configurations,  the  overall  sound  power  level  of  each  coaxial  jet  was  compared  to 
the  overall  sound  power  level  of  its  primary  jet  operating  alone,  with  all  data  scaled  to 
a  constant  thrust  of  20,000  pounds.  Figure  43  shows  the  change  in  overall  sound  power 
level  for  the  coplanar  nozzies  as  a  function  of  velocity  ratio,  with  the  simple  theo¬ 
retical  estimates  of  Section  2.3  included  for  comparison.  The  data  exhibited  three 
anomalies:  (1)  an  increase  of  noise  for  coaxial  nozzles  of  unity  velocity  ratio,  (2) 
relatively  poor  noise  reduction  performance  for  the  nozzle  with  an  area  ratio  of  two, 
and  (3)  the  distinctly  lesser  noise  reductions  associated  with  the  primary  nozzle  with 
pressure  ratio  2.5  when  operating  at  60°F. 

The  first  two  of  these  anomalies  have  been  discussed  in  Section  4.2.  The  third  anomaly 
is  present  throughout  the  data.  It  occurs  for  cold  flows  only,  not  being  apparent  in  the 
cases  when  the  jet  was  heated.  A  uniform  reduction  of  approximately  4  dB  would  bring 
the  cold  2.5  pressure  ratio  data  into  line,  suggesting  that  the  sound  power  of  the  primary 
nozzle  might  be  low.  However,  inspection  of  Figure  39  shows  the  noise  of  this  primary 
nozzle  to  be  consistent  with  that  of  the  other  eight  primaries,  and  other  data.  Thus, 
the  cause  remains  a  mystery  and  the  data  for  the  cold  pressure  ratio  2.5  nozzle  will  be 
ignored  in  the  remaining  discussions. 

The  data  for  the  coplanar  nozzles  with  area  ratios  of  5  and  10,  and  to  a  lesser  extent 
area  ratio  I,  show  rather  good  agreement  with  the  simple  theory.  Further,  there  seem 
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Figure  42,  Effect  of  Jet  Thrust  on  Calculated  Maximum  Perceived 
Noise  Level  on  1500-Foot  Sideline  for  the  Primary 
Nozzles  of  Figure  41 , 
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Figure  43.  Change  in  Overall  Sound  Power  Level  with  Velocity  Ratio  for 

Coplanar  Coaxial  Jets  of  20,000  Lbs  Thrust  and  Four  Area  Ratios 
Change  is  Measured  Relative  to  a  Single-Nozzle  Jet  which  has 
Equal  Thrust  and  a  Velocity  Equal  to  U  . 
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Figure  43,  continued  Change  in  Overall  Sound  Power  with  Velocity 
Ratio  for  Coplonar  Coaxial  Jets  of  20,000  Ubs  Thrust  and  Four 
Area  Ratios,  Change  is  Measured  Relative  to  a  Single-Nozzle 
Jet  which  has  Equal  Thrust  and  a  Velocity  Equal  to  Up. 
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to  be  no  consistent  effects  of  either  temperature  or  primary  pressure  ratio  on  the 
reductions  of  overall  sound  power  level.  Hence,  it  would  appear  that  predictions  of 
the  sound  power  of  the  jet  flow  from  modern  high  bypass  ratio  fan  engines  with  coplanar 
coaxial  nozzles  can  be  made  considering  only  the  area  and  velocity  ratios  of  the  two 
flows. 

The  effect  of  extending  the  primary  nuzzle  5,5  primary  nozzle  diameters  beyond  the 
plane  of  the  secondary  nozzle  (one-half  extension)  and  11  diameters  (full  extension) 
is  illustrated  in  Figures  44  through  47.  Again,  the  theoretical  estimate  of  the  change 
in  overall  sound  power  is  included  for  reference,  although  its  derivation  assumed 
coplanar  nozzles. 

The  results  for  the  nozzle  of  area  ratio  1,  given  in  Figure  44,  show  an  improvement 
ever  the  coplanar  performance.  This  may  result  from  an  improvement  in  its  ability  to 
shroud  the  core  since  the  theory  of  Section  2,3  indicated  that  this  nozzle  was  not 
large  enough  to  shroud  the  primary  core.  However,  with  the  extended  primary 
nozzle,  the  secondary  flow  should  be  significantly  larger  than  its  initial  diameter 
when  it  passes  through  the  plane  of  the  primary  nozzle.  At  this  plane,  it  will  be 
slower  than  indicated  by  its  exit  velocity  ratio,  thus  extending  the  shrouding  regime 
to  higher  velocity  ratios  than  predicted  for  coplanar  nozzles  in  Section  2.3,  Unfor¬ 
tunately,  there  are  no  velocity  profiles  available  to  test  this  conjecture. 

The  data  for  the  nozzle  with  an  area  ratio  of  2  are  contained  in  Figure  45.  They 
show  improvement  over  the  coplanar  case,  but  the  scatter  is  large  and  the  roughness 
of  this  nozzle  makes  any  evaluation  questionable.  The  data  for  the  nozzle  with  area 
ratio  5,  Figure  46,  show  little  change  from  the  coplanar  case,  except  for  a  small 
increase  in  scatter.  However,  the  data  for  the  fully  extended  nozzle  of  orea 
ratio  10,  Figure  47,  show  a  decrease  in  noise  reduction  relative  to  the  coplanar  case. 
The  reason  for  this  change  in  performance  is  not  known;  however,  the  data  appear 
consistent  and  the  results  must  be  considered  valid. 

The  acoustic  performance  of  retracted  primary  nozzle  configurations  con  be  expected 
to  differ  from  that  of  the  coplonar  and  extended  primary  nozzle  configurations  since 
the  flows  and  acoustic  boundary  conditions  ore  different.  During  all  tests,  the 
nozzles  were  operated  ot  a  fixed  set  of  total  pressures  such  that  the  velocity  ratios  for 
the  non-retracted  cases  were  consistent  among  runs  which  had  the  same  primary 
nozzle  and  temperature.  However,  when  the  primary  nozzle  is  retrocted  within  the 
secondary  plenum,  its  effective  pressure  ratio  is  decreosed  and  its  velocity  is  similarly 
decreased.  Its  initial  mixing  with  the  secondary  flow  occurs  within  the  plenum,  where 
the  secondary  flow  velocity  is  quite  low;  however,  the  noise  generated  by  this  mixing 
is  somewhat  shielded  by  the  walls  of  the  secondary  nozzle. 


Change  in  Overall  Sound  Power  level  (dB) 


Figure  44.  Change  in  Overall  Sound  Power  Level  with  Velocity  Ratio  for 
Coaxial  Jets  with  a  Nozzle  Area  Ratio  of  1  and  Thrust  of 
20,000  Lbs.  Change  is  Measured  Relotive  to  a  Single-Nozzle 
Jet  which  has  Equal  Thrust  and  a  Velocity  Equal  to  U  . 
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Figure  46.  Chong©  in  Overall  Sound  Power  Level  with  Velocity  Ratio  for 
Coaxial  Jets  with  a  Nozzle  Area  Ratio  of  5  and  Thrust  of 
20,000  Lbs.  Change  is  Measured  Relative  to  a  Single-Nozzle 
Jet  which  has  Equal  Thrust  and  a  Velocity  Equal  to  U  . 
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Figure  47.  Chonge  in  Overoil  Sound  f'ower  Level  with  Velocity  Rotio  for 
Coaxial  Jets  with  o  Nozzle  Area  Rotio  of  10  and  Thrust  of 
20,000  Lbs.  Change  is  Measured  Relative  to  o  Single-Nozzle 
Jet  which  has  Equal  Thrust  and  a  Velocity  Equal  to  Up. 


Assuming  that  the  primary  is  retracted  sufficiently  that  it  completely  mixes  with  the 
secondary  flow  pricr  to  exiting  from  the  secondary  nozzle  and  its  noise  does  not 
radiate  rough  the  nozzle,  the  average  or  effective  velocity  through  the  nozzle 
would  be  expected  to  be  given  by: 


(41) 


The  acoustic  power  should  be  proportional  to: 


W  ~ 
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This  situation  represents  a  lower  bound  on  the  expected  results  which  was  not  approached 
wiLh  the  configurations  evaluated  in  this  study.  The  obvious  upper  bound  i$  given  by 
the  assumption  that  oil  the  noise  of  the  primary  mixing  into  the  siow  moving  secondary 
Is  radiated  through  the  nozzle  ond  adds  to  the  noise  generated  by  the  jet  issuing  from 
the  secondary  nozzle  as  it  mixes  with  the  ombient.  Also,  ot  law  pressure  ratios,  addi¬ 
tional  noise  might  be  expected  from  the  turbulence  generated  in  the  plenum  as  it  is 
convected  downstream,  outside  of  the  secondary  nozzle.  The  true  situation  for  these 
data  obviously  lies  between  the*-©  two  bounds. 


The  basic  results  for  the  variation  of  axial  position,  including  the  retracted  primary 
nozzle  cases,  are  given  for  the  pressure  ratio  3.5  primary  nozzle  in  figure  48.  The 
3.5  pressure  ratio  nozzle  was  chosen  for  discussion  because  lb  behavior  is  reasonably 
typical  of  the  average  data  in  the  eopfcnar  and  extended  primary  nozzle  coses,  ond 
because  its  flow  parameters  underwent  the  least  change  in  the  retracted  cates.  The 
changes  in  noise  level  for  oil  cases  in  Hgyre  48  were  based,  as  before,  on  th#  noise  of 
the  primary  nozzle  operating  ot  a  fixed  lotol  pressure  and  exhausting  into  the  ambient* 


The  results  illustrate  the  small  increase  in  noise  relative  to  the  coplonar  configuration 
for  the  area  ratio  10  nozzle  ot  both  extended  positions,  os  previously  discussed.  No 
change  Is  exhibited  for  the  retracted  nozzles.  For  rise  area  ratio  I  ond  5  nozzles, 
however,  a  smoll  reduction  relative  to  the  coplcnar  cose  is  found  in  the  retrotted 
cases,  as  well  os  In  the  extended  cases.  The  more  limited  dote  for  rise  pressure  ratio 
1 .6  nozzle  indicate  slight  increases  relative  to  the  coplonar  cases  for  the  retracted 
cases.  However,  it  is  not  presented  in  detail  since  its  flow  was  drastically  affected 
by  the  secondary  plenum  pressure,  and  is  not  representative  of  full-scale  engirt*  d*sign 
conditions. 
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Figure  48.  Effect  of  Axial  Position  of  the  Primary  Nozzle  as  Measured  by  the  Change 
in  Overall  Sound  Power  Level  Relative  to  the  Level  for  Each  Nozzle  and 
Pressure  Combination  in  the  Coplanar  Position.  In  all  Cases,  the  Primary 
Total  Pressure  is  36.5  psig  (Nominal  3,5  Pressure  Ratio)  and  Total  Temper¬ 
ature  is  Ambient.  Lines  Connect  Averages  for  Each  Area  Ratio. 
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5.1.3  Changes  in  Sound  Power  Spectra  and  Directivity. 

The  principal  changes  in  overall  sound  power  associated  with  coaxial  jet  flows 
are  also  illustrated  in  examining  a  few  typical  sound  power  spectra.  Figure  49  shows 
the  sound  power  spectrum  for  a  model  jet  configuration  which  has  a  primary  nozzle 
with  a  pressure  ratio  of  1 .6  and  total  temperature  of  450  F,  and  a  coplanar  secondary 
nozzle  with  an  area  ratio  of  10.  The  spectra  are  given  for  four  velocity  ratios  ranging 
from  zero  (primary  nozzle  alone)  to  0.88.  The  spectrum  for  the  velocity  ratio  of  0.38 
is  6  to  7  dB  lower  than  the  spectrum  for  the  primary  alone  in  the  frequency  range  above 
the  peak  in  the  spectrum,  while  at  low  frequencies  its  sound  power  level  is  slightly 
above  the  level  of  the  primary  alone.  The  overall  sound  power  level  (at  model  thrust) 
is  approximately  3  aB  lower.  This  reduction  of  levels  at  the  higher  frequencies 
demonstrates  that  the  low  velocity  secondary  flow  is  shrouding  the  primary  flow,  thus 
reducing  its  acoustical  output.  The  secondary  flow  would  be  expected  to  reduce  the 
high  frequencies  in  preference  to  the  low  frequencies  because  the  high  frequency 
acoustic  sources  are  located  in  the  initial  mixing  region  of  the  primary  jet  where  the 
effect  of  the  secondary  flow  is  greatest,  whereas  the  lower  frequencies  are  produced 
downstream  where  the  secondary  flow  has  less  effect.  Conversely,  the  increase  in  low 
frequency  noise  generation  is  to  be  expected  as  a  result  of  the  larger  diameter 
equivalent  jet  resulting  from  the  combined  flows. 

When  the  secondary  velocity  is  increased  to  give  a  velocity  ratio  of  0.73,  the  equiv¬ 
alent  jet  becomes  the  dominating  factor.  The  spectrum  for  this  jet  has  a  shape  that 
should  be  expected  of  a  single-nozzle  jet  with  an  exit  area  approximately  ten  times 
that  of  the  primary  nozzle  alone.  A  final  increase  in  secondary  velocity  to  give  a 
velocity  ratio  of  0.88  does  not  significantly  change  the  spectrum  shape,  but  does 
increase  the  spectrum  levels  in  proportion  to  the  eighth  power  of  the  change  in  second¬ 
ary  velocity.  All  of  these  results  are  consistent  with  the  simple  theoretical  model 
postulated  in  Section  2.3, 

Figure  50  shows  the  effect  of  extending  the  primary  nozzle  beyond  the  secondary. 
Comparing  Figures  49  and  50,  the  effect  of  shrouding  the  primary  can  be  seen  to  have 
nearly  disappeared  for  the  velocity  ratio  of  0,38  when  the  primary  nozzle  is  extended 
eleven  (11)  primary  diameters  beyond  the  secondary  nozzle.  The  spectra  for  velocity 
ratios  of  0.725  and  0,878  appear  to  have  a  few  dB  less  power  when  the  primary  is 
extended  than  in  the  coplanar  case. 

Comparison  at  a  velocity  ratio  of  0.88  shows  little  change  in  the  high  frequency  por¬ 
tion  of  the  spectrum  which  should  be  controlled  by  the  initial  mixing  region  of  the 
secondary  jet.  However,  the  low  frequency  portion  of  the  spectrum  of  the  extended 
primary  is  lower  in  level  than  that  of  the  coplanar  case.  This  result  is  consistent  with 
the  hypothesis  that  the  equivalent  jet  for  the  extended  nozzle  cases  should  be  defined 
by  the  flow  conditions  existing  In  the  plane  of  the  extended  primary. 
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In  Figure  51,  the  effect  of  area  ratio  on  the  shrouding  of  the  primary  nozzle  is  shown 
for  coplanar  nozzles  at  a  velocity  ratio  of  0.38.  These  results  demonstrate  that  flows 
from  coaxial  nozzles  with  small  area  ratios  have  little  apparent  shrouding  effect, 
whereas  flows  from  the  larger  secondary  nozzles  have  considerable  effect.  This 
result  is  in  accordance  with  the  simple  theory,  since  a  secondary  nozzle  which  has 
an  area  ratio  of  only  1  or  2  results  in  a  fairly  thin  layer  of  secondary  flow  around  the 
primary  jet.  Within  a  very  few  nozzle  diameters  downstream  from  the  nozzle,  the 
primary  flow  will  have  developed  into  a  diameter  larger  than  the  original  secondary 
nozzle  diameter.  The  primary  nozzle  flow  will  therefore  tend  to  behave  over  most  of 
its  length  as  if  there  were  no  secondary  flow.  It  should  be  emphasized  that  these 
spectra  are  from  the  model  jet,  and  hence  no  allowance  has  been  made  for  varying 
thrusts.  If  they  were  corrected  to  an  equal  thrust,  a  small  shrouding  effect  would  be 
seen  for  the  lower  area  ratios  and  an  even  larger  effect  would  be  observed  for  the 
higher  area  ratios. 

Accompanying  the  changes  in  spectrum  are  changes  in  the  acoustic  radiation  direc¬ 
tivity  pattern.  Figures  52  through  55  show  the  directivity  patterns  for  the  flew  cases 
whose  spectra  are  shown  in  Figure  49.  These  results  show  that  as  the  velocity  ratio 
increases,  proportionally  more  sound  is  radiated  at  larger  angles  from  the  jet  flow 
direction.  The  500  Hz  and  1000  Hz  octave  bands  do  not  change  directivity  very 
much,  but  the  remainder  are  affected.  The  angular  position  of  the  peaks  in  the 
octave  band  directivity  indices  move  by  a  maximum  of  10  degrees;  but  at  angles  away 
from  the  peak,  the  directivity  indices  vary  by  as  much  as  12  dB  in  extreme  cases  near 
the  jet  axis  and  by  up  to  4  dB  at  110  degrees  from  the  axis.  As  a  result,  the  angle  at 
which  the  directivity  index  is  zero  increases  by  up  to  30  degrees  in  both  cases. 

5.1,4  Change  in  Maximum  Sideline  Perceived  Noise  Level. 

The  effect  of  the  various  configurations  on  the  maximum  perceived  noise  level 
on  the  1500-foot  sideline  is  summarized  for  the  coplanar  nozzle  configurations  in 
Figure  56.  This  figure  gives  the  data  for  perceived  noise  level  In  the  some  format 
used  for  the  overall  sound  power  level  in  Figure  43,  and  includes  the  theoretical 
prediction  curve  for  power  level  reduction  for  reference.  There  is  much  similarity 
between  the  two  sets  of  figures,  although  the  maximum  reduction  in  perceived  noise 
level  for  area  ratios  5  and  10  is  nearly  1  dB  greater  than  the  maximum  reduction  in 
power  level.  All  the  general  comments  made  previously  concerning  the  change  in 
overall  sound  power  level  are  applicable  to  perceived  noise  level. 
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Octave  Band  Center  Frequency  (kHz) 

Rgure  51 .  Effect  of  Area  Ratio  of  Shrouding  of  Model  Primary  Jet  (Primary  Nozzle  Pressure 
Ratio  1.6,  Primary  Nozzle  Temperature  450°F,  Velocity  Ratio  0.38,  Thrust 
Variable). 


Figure  52,  Directivity  Pattern  for  a  Primary  Nozzle  Alone, 


Figure  53,  Directivity  Pattern  of  Copianor  Nozzle  with 
Velocity  Ratio  of  0.375, 
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Figure  54.  Directivity  Pattern  for  Coplanar  Nozzle  with 
Velocity  Ratio  of  0.731 . 
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Figure  55.  Directivity  Pottem  for  Coplonar  Nozzle  with 
Velocity  Ratio  of  0.88. 
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SicWine  Maximum  Perceived  Noise  Level  (PNdB) 


Figure  56. 


Change  in  1500-Foot  Sideline  Maximum  Perceived  Noise  Level  with 
Velocity  Ratio  for  Coptanor  Coaxial  Jets  of  20,000  Lbs  Thrust  and 
Four  Area  Ratios.  Change  is  Measured  Relative  to  a  Single-Nozzle 


Jet  which  has  Equal  Thrust  and  a  Velocity  Equal  to  U 


8 


c)  Area  Ratio  =  5 


Estimation 
From  Figure  21 


//\  Approximate 
®  Dota  Curve 


Figure  57  shows  the  data  for  one-half  and  full  extension  of  the  primary  nozzle  for 
area  ratio  5,  The  data  appear  slightly  more  scattered  than  the  associated  overall 
sound  power  level  data  shown  in  Figure  44.  However,  they  appear  reasonably  well 
represented  by  the  coplanar  data  curve. 

Figure  58  gives  a  presentation  of  the  effect  of  axial  position  on  the  1500-foot  sideline 
perceived  noise  level,  analogous  to  the  sound  power  data  of  Figure  48.  The  results 
are  similar,  but  with  slightly  more  scatter. 

In  general,  the  changes  in  maximum  perceived  noise  level  are  very  similar  to  those  of 
overall  sound  power  level,  except  that  there  is  a  tendency  for  slightly  more  scatter  in 
the  data.  This  tendency  may  result  partially  from  the  fact  that  the  maximum  perceived 
noise  level  is  dependent  upon  a  single  angular  measurement,  whereas  the  sound  power 
is  a  function  of  measurements  ot  many  angular  positions.  Also,  the  perceived  noise 
level  is  more  sensitive  to  the  level  in  a  few  octave  bands,  whereas  the  overall  sound 
power  is  a  function  of  most  of  the  octave  bonds.  For  both  these  reasons,  the  per¬ 
ceived  noise  level  measurement  may  be  inherently  more  susceptible  to  minor  variations 
in  the  experimental  process. 

In  addition,  the  perceived  noise  level  is  offected  by  any  changes  in  directivity  which 
are  associated  with  the  various  configurations.  The  effect  of  the  directivity  changes 
on  the  variation  in  perceived  noise  level  olong  the  1500-foot  sideline,  shown  in 
Figures  52  through  55,  is  given  ir.  figure  59.  Zero  feet  on  the  sideline  corresponds 
to  the  point  directly  opposite  the  jet  (i.e,,  ot  90  degrees  to  the  jet  axis).  The  dato 
show  that  the  maximum  sideline  level  shifts  dong  the  sideline  towards  zero  feet  os 
the  velocity  ratio  increases.  In  addition,  there  is  a  slight  change  in  the  rote  ot  which 
the  perceived  noise  level  foils  with  increasing  distance  dong  the  sideline. 


5.2  Prediction  of  the  Noise  Characteristics  of  Full-Scale  Coaxial  Jets 


The  data  and  theory  presented  in  this  report  can  be  used  os  the  basis  for  the  prediction 
of  the  noise  character! sties  of  full-scale  coaxiol  jets.  This  section  develops  prediction 
methods  for  bath  the  overall  sound  power  level  end  the  1500-foot  sideline  maximum 
perceived  noise  level,  the  latter  being  the  principal  goal  of  this  study.  The  principal 
emphasis  is  on  coplanor  coaxial  nozzles  which  ore  of  considerable  practical  interest. 
For  prediction  of  non-coplanar  coaxial  jets,  the  reader  is  referred  to  the  discussions  in 
Section  5.1  which  consider  tire  effects  of  axial  displacement  of  the  primary  nozzle 
relative  to  the  secondary  nozzle.  Caution  should  be  exercised  in  applying  this  latter 
doto  to  full-scale  geometries  which  differ  significantly  from  tire  models  studied  here. 
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Figure  57.  Chonge  in  1500-Foot  Sideline  Maximum  Perceived  Noise  level  with 
Velocity  Patio  for  Cocxioi  Jet*  with  a  No2sie  Area  Ratio  of  5  and 
Thrust  of  20,000  lb*.  Change  is  Measured  Relative  to  a  Single- 
Nozzle  Jet  which  her.  Equal  Thrust  and  o  Velocity  Equal  to  U  . 


Maximum  Perceived  Noise  Level  Relative  to  Coplanar  Nozzle  (PNdB) 
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Figure  58.  Effect  of  Axial  Position  of  the  Primary  Nozzlo  as  Measured  by  the 

Change  in  Maximum  Perceived  Noise  Level  in  the  1500-Foot  Sideline 
Relative  to  the  Level  for  Each  Nozzle  and  Pressure  Combination  in  the 
Coplanar  Position.  In  all  Cases,  the  Primary  Total  Pressure  is 
36,5  psig  (Nominal  3.5  Pressure  Ratio)  and  Total  Temperature  is 
Ambient.  Lines  Connect  Averages  for  Each  Area  Ratio. 
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:t  of  Velocity  Ratio  of  1500-Foot  Sideline  Perceived  Noise  Level  for 
anar  Nozzle  (Primary  Nozzle  Pressure  Ratio  1 .6,  Primary  Nozzle  Tempei 
2  450°F,  Area  Ratio  10,  Data  Scaled  to  20,000  Lb  Thrust). 


The  basic  predictions  for  sound  power  level  are  developed  directly  from  Figures  40 
and  43.  The  results  are  given  in  Figure  60.  When  Aow=  0,  the  equation  at  the 
fop  of  the  figure  represents  the  relationship  (bund  for  zero  secondary  flow  (primary 
only)  from  Figure  40  and  the  basic  jet  noise  scaling  laws.  The  curves  which  give 
the  decrease  of  overall  sound  power  level  as  a  function  of  coaxial  jet  velocity  ratio 
were  obtained  from  Figure  43.  They  are  based  on  the  approximate  data  curves, 
where  given  in  Figure  43,  and  are  supplemented  by  the  theoretical  curves  f-om 
Figure  21  as  required  for  completeness. 

Figure  61  presents  a  similar  prediction  method  for  the  1500-foot  sideline  maximum 
perceived  noise  level .  When  Aqp  =  0,  the  equation  represents  the  results  for  the 
primary  flows  given  in  Figures  41  and  42.  The  curves  giving  the  decrease  of  per¬ 
ceived  noise  level  as  a  function  of  velocity  ratio  were  obtained  from  Figure  56  in 
a  manner  similar  to  the  development  of  the  sound  power  level  prediction  curves. 

There  are  two  basic  potential  sources  of  error  in  using  these  two  figures  for  prediction 
of  the  noise  of  a  specific  full-scale  engine  which  has  coplanar  nozzles.  First  is  the 
potential  error  in  estimating  the  noise  for  the  reference  primary  jet  which  may  be 
expected  to  vary  approximately  *2  dB  about  the  mean  data  line.  Second,  the 
model  data  for  the  coaxial  flows,  ignoring  anomalous  data,  show  a  scatter  of  -  1-2  dB 
about  the  mean  curves,  describing  the  decrease  of  noise  as  a  function  of  velocity  and 
area  ratio.  These  two  errors  might  be  expected  to  add  in  a  mean  square  sense  to  give 
a  total  error  of  just  under  1 3  dB  for  a  specific  prediction. 

However,  for  tradeoff  studies  leading  to  engine  optimization  for  noise,  these  pre¬ 
diction  methods  should  be  quite  accurate,  particularly  since  the  simple  theory  appears 
to  be  in  basically  good  agreement  with  the  mean  of  the  experimental  results. 

Figures  60  and  61  again  demonstrate  that  the  minimum  noise  for  a  coplanar  coaxial 
jet  with  a  fixed  primary  velocity  and  thrust  occurs  at  a  velocity  ratio  of  approxi¬ 
mately  0.5.  The  noise  characteristics  for  a  family  of  engines  meeting  this  criterion 
and  having  20,000  lbs.  thrust  and  various  area  ratios  are  given  in  Figures  62  (power) 
and  63  (perceived  noise). 

From  one  viewpoint,  however,  the  results  presented  in  Figures  62  and  63  are  more  an 
indication  of  the  potential  remedial  effects  of  a  secondary  flow.  From  a  purely  design 
viewpoint,  the  approach  to  optimization  proceeds  in  a  different  manner.  In  engine 
design,  the  design  thrust  is  one  of  the  principal  specified  objectives.  For  a  single 
nozzle  with  a  given  pressure  ratio,  the  thrust  produced' is  independent  of  the  flow 
temperature.  However,  the  noise  produced  by  the  jet  is  not  independent  of  temper¬ 
ature  since  higher  temperatures  imply  higher  nozzle  velocities,  and  hence  more  noise. 
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Decrease  In  Overall  Sound  Power  Level  (Anw)  *n  dB 


Figure  60.  Prediction  of  Overall  Sound  Power  Level  Based  on  Primary  Nozzle 
Data  In  Figure  40  and  Mean  Curves  of  Experimental  Variation  In 
the  Decrease  In  Overall  Sound  Power  with  Velocity  Ratio  for  Jets 
with  Coplanar  Coaxial  Nozzles  and  Fixed  Thrust.  Decrease  of 
Coaxial  Jet  Sound  Power  Level  Is  Measured  Relative  to  a  Baseline 
Single-Nozzle  Jet  which  has  Equal  Thrust  and  a  Velocity  Equal  to 
the  Primary  Velocity. 
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Ratio  of  Secondary  Velocity  to  Primary  Velocity,  6  =  Uj/Up 


Figure  61 .  Prediction  of  1500-Foot  Sideline  Perceived  Noise  Level  Based  on 
Primary  Nozzle  Data  in  Figures  41  and  42  and  Mean  Curves  of 
Experimental  Variation  in  the  Decrease  in  1500-Foot  Sideline 
Maximum  Perceived  Noise  Les'el  for  Jets  with  Coplanar  Coaxial 
Nozzles  and  Fixed  Thrust.  Decrease  of  Sideline  Perceived  Noise 
Level  is  Measured  Relative  to  a  Baseline  Single-Nozzle  Jet  which 
has  Equal  Thrust  and  a  Velocity  Equal  to  the  Primary  Velocity. 
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Primary  Velocity  (ft/sec) 

Figure  62.  Variation  of  Minimum  Sound  Power  as  a  Function  of  Area  Ratio 
and  Primary  Velocity. 
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Maximum  1500-Foot  Sideline  Perceived  Noise  Level  (PNdB) 


Primary  Velocity  (ft/sec) 


Figure  63.  Variation  of  Minimum  Value  of  tlie  Maximum  Perceived  Noise 
Level  on  a  1500-Foot  Sideline  as  o  Function  of  Area  Ratio  and 
Primary  Velocity. 
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From  on  acoustic  viewpoint,  it  is  therefore  important  to  keep  the  jet  temperature  as 
low  as  possible,  which  means  that  a  jet  total  temperature  equal  to  ambient  temperature 
is  the  possible  minimum.  The  jet  exhaust  velocity,  and  hence  the  noise,  can  be 
reduced  still  further  by  reducing  the  nozzle  pressure  ratio  as  much  as  possible.  There 
is  obviously  some  practical  minimum  to  the  pressure  ratio  so  that  the  resultant  jet 
engine  will  produce  the  necessary  thrust  without  becoming  unnecessarily  large  with 
attendant  weight  and  drag  penalties.  For  takeoff  conditions  and  engines  with  fixed 
convergent  nozzles,  that  practical  pressure  ratio  is  most  likely  to  be  somewhere  in  the 
region  of  the  critical  pressure  ratio,  or  slightly  below,  so  that  the  engine  is  still 
efficient  at  cruise  conditions.  From  an  acoustic  viewpoint,  therefore,  a  practical 
optimum  single  jet  engine  should  produce  a  jet  exhaust  at  sonic  pressure  ratio  with  an 
exhaust  temperature  as  near  ambient  as  possible. 

These  conclusions  were  reached  from  an  examirvjtion  of  a  single  jet  nozzle.  But  for 
present-day  jet  engines,  the  requirements  for  optimum  conditions  actually  apply  to  the 
bypass  flow  of  practical  bypass  jet  engines.  For  modem  engines,  the  secondary  flow 
temperature  is  only  slightly  greater  than  ambient  temperature,  ond  optimum  overall 
performance  generally  dictates  that  the  pressure  ratio  at  takeoff  thrust  be  slightly  less 
than  critical.  For  such  designs,  it  is  very  instructive  to  interpret  the  noise  reduction 
results  using  the  secondary  flow  velocity  os  o  fixed  parameter  and  determine  the 
amount  of  the  detrimental  effect  on  the  engine*!  noise  characteristics  resulting  from 
o  higher  temperature,  higher  velocity  primary  flow. 

Figure  64  shows  the  predicted  increase  in  overall  sound  power  level  (A|W)  for  various 
values  of  aoeo  ratio  as  o  function  of  the  ratio  of  primary  jet  velocity  to  secondary  jet 
velocity.  The  equation  for  the  predicted  sound  power  level  and  tire  design  curves  in 
the  figure  is  o  restatement  of  the  information  in  Figure  60. 

Figure  65  gives  o  similar  presentation  of  the  increase  in  the  maximum  perceived  noise 
level  on  o  1500-foot  sideline,  developed  from  Figure  61. 
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(nemos*  In  Overall  Sound  Power  Level  (Ajw)  In  dB 


Ratio  of  Secondary  Velocity  to  Primary  Velocity  (Uj/U  ) 


PWl.0A=  Aiw  +  159  +  60  log  (U/1000)  +  10  log  (F/20,000) 
where 

=  secondary  velocity 
F  =  thrust 

PWLoa=  overall  sound  power  level  In  dB  re  lO"*3 
watts 
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1  1.5  2  2.5  3 

Ratio  of  Primary  Velocity  to  Secondary  Velocity  (Up/Uj) 

Figure  64.  Prediction  of  Sound  Power  Level  for  o  Coaxial  Jet  Using  Secondary 
Velocity  for  Reference. 
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I  1.5  2  2.5  3 

Ratio  of  Primary  Velocity  to  Secondary  Velocity  (Up/U* ) 

Figure  65.  Prediction  of  Maximum  Perceived  Noise  Level  on  a  1500-Foot 

Sideline  for  o  Coaxial  Jet  Using  Secondary  Velocity  for  Reference. 


-108- 


f' 


l 

l 


I  Tables  3  and  4  give  the  velocity  ratios  (primary  velocity  to  secondary  velocity)  which 

I  cause  either  a  3  dB  or  6  dB  increase  in  overall  sound  power  or  maximum  perceived 

noise  level  on  a  1500-foot  sideline  relative  to  the  noise  at  a  velocity  ratio  of  1.  It 
c  will  be  noticed  that  there  Is  a  considerable  difference  between  power  level  and  per¬ 

ceived  noise  level  in  sensitivity  to  the  ratio  of  primary-to-secondary  flow  velocity. 
For  example,  for  a  coplanar  nozzle  with  area  ratio  of  10  and  primary  velocity  ratio 
of  approximately  1.5,  there  is  only  a  3  dB  increase  in  overall  sound  power  output, 
but  a  6  dB  increase  in  1500-foot  sideline  perceived  noise  level.  These  differences 
are  the  penalties  resulting  from  having  a  primary  velocity  50  percent  greater  than 
that  of  the  secondary.  This  greater  sensitivity  of  perceived  noise  level  to  changes  ?n 
velocity  ratio  is  due  to  the  fact  that  the  overall  power  level  for  fixed  thrust  increases 
in  proportion  to  velocity  to  the  sixth  power,  whereas  the  perceived  noise  level 
increases  in  proportion  to  velocity  to  the  eighth  power. 


I 


Table  3 

Primary  Velocity  Ratios  (Up/Us)  for  a  3  dB  and  6  dB  increase  in 
Overall  Power  level  from  Figure  64 


Power  Level 
Increase 

Area  Ratio 

1 

2 

5 

10 

3  dB 

1.14 

1.17 

1.40 

1.52 

6  dB 

1.34 

1.42 

1.70 

1.85 

Table  4 

Primary  Velocity  Ratios  (Up/Us)  for  a  3  dB  and  6  d3  Increase  in 
Sideline  Perceived  Noise  level  from  Figure  65 


Perceived  Noise 
Level  increase 

Area  Ratio 

1 

2 

5 

10 

3  PNdB 

1.11 

1.12 

1.18 

1.23 

6  PNdB 

1.29 

1.22 

1.37 

1.53 
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It  should  be  noted  that  a  primary-secondary  velocity  ratio  of  1 .5  is  typical  of  current 
high  bypass  ratio  engine  design,  primarily  for  non-acoustic  reasons.  This  velocity 
ratio  is  in  the  region  where  the  noise  produced  by  the  secondary  mixing  with  the 
ambient  and  the  equivalent  jet  control  the  overall  sound  power  characteristics,  except 
at  low  area  ratios  where  the  primary  is  inadequately  shrouded.  These  concepts  were 
developed  in  Section  2.3,  particularly  with  reference  to  Figures  18  and  20. 


5.3  Comparison  of  Noise  Characteristics  of  Practical  Coaxial 
Jet  Engines  with  Optimum  Single-Nozzle  Engines 


If  the  heat  could  be  extracted  from  the  primary  jet,  reducing  its  temperature  to  near 
ambient,  its  velocity  would  be  approximately  equal  to  that  of  the  secondary.  In  this 
cose,  no  noise  penalty  would  be  associated  with  the  higher  speed  primary  jet  and  the 
resulting  engine  would  have  near  optimum  performance  and  noise  characteristics.  The 
following  paragraphs  compare  the  acoustic  characteristics  of  such  an  engine  with 
those  of  currently  feasible  coaxial  jet  engines. 

The  model  jet  that  comes  nearest  to  this  idealized ^et  is  the  primary  nozzle  with  a 
pressure  rotio  of  1 .6  and  o  flow  temperature  of  60T.  Its  acoustic  characteristics  can 
be  compared  with  those  cf  the  eoplanor  jets,  which  had  area  ratios  of  5  and  10  and 
primary  nozzles  with  pressure  ratio  1 .6  but  flow  temperature  of  450°F,  These  two 
eoplanor  jets  hove  primary  velocity  to  secondary  velocity  ratios  of  approximately 
1 .35  and  secondary  flow  velocities  of  890  feet  per  second.  The  secondary  flow  there¬ 
fore  has  nearly  the  same  flow  conditions  as  the  60°F  primary  nozzle  acting  alone,  so 
that  these  two  eoplanor  runs  correspond  approximately  to  the  conditions  for  the  areo 
ratio  5  nozzle  indicated  In  Tables  3  and  4,  which  give  a  6  dB  increase  in  sideline 
perceived  noise  level  and  a  3  dB  increase  in  overall  sound  power. 

Figure  66  gives  the  acoustic  power  spectra  for  c  20,000  lb.  thrust  jet  for  these  three 
configurations.  It  shows  that  the  eoplanor  nozzles  with  the  higher  temperature  and 
higher  velocity  primary  jet  produce  considerably  more  high  frequency  noise  than  does 
the  single-nozzle  cold  jet.  This  increased  acoustic  power  at  higher  frequencies  gives 
an  Indication  as  to  why  the  eoplanor  jet  shows  o  larger  increase  in  perceived  noise 
level  than  is  indicated  by  the  increase  in  overall  sound  power  level.  This  con¬ 
clusion  is  reinforced  by  o  comparison  of  the  octave  band  sound  pressure  spectra  shown 
in  Figure  67  for  the  position  on  the  1500-foot  sideline  which  has  the  maximum  per¬ 
ceived  noise  level.  This  position  is  at  on  angle  of  55  degrees  from  the  jet  axis  for 
the  primary  jet  alone,  but  is  at  65  degrees  for  the  eoplanor  jets,  which  indicates  the 
effect  of  changes  in  the  directivity  pattern. 
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Figures  68,  69  and  70  present  the  octave  band  directivity  patterns  for  these  three 
jets.  The  directivity  maxima  increase  in  angle  by  about  10  degrees  when  secondary 
flow  is  present.  There  is  also  a  change  in  the  shape  of  directivity  pattern,  so  that 
the  largest  angle  at  which  the  directivity  index  is  zero  increases  by  as  much  as 
25  degrees.  These  angular  changes  are  reflected  in  Figure  71  which  shows  the  1500- 
foot  sideline  perceived  noise  level  for  the  three  jets.  The  changes  in  directivity 
cause  the  perceived  noise  level  to  drop  more  rapidly  from  the  maximum  value  for  the 
coaxial  jets  than  is  the  case  for  the  primary  nozzle  alone.  Thus,  at  the  peak  level 
the  coaxial  jets  produce  about  6  PNdB  more  noise,  whereas  at  large  distances  along 
the  sideline  in  the  direction  of  the  jet  exhaust,  the  difference  is  only  2  PNdB. 

The  above  results  have  been  presented  for  a  20,000  lb.  thrust  engine.  It  has  already 
been  shown  (Figure  42)  that  on  the  average,  the  maximum  perceived  noise  level 
increases  by  2.5  PNdB  for  every  doubling  of  jet  thrust  in  the  range  of  thrust  from 
10,000  lbs.  to  80,000  lbs.  This  scaling  factor  generally  holds  over  the  complete 
sideline  curve,  as  demonstrated  in  Figure  72  which  gives  the  calculated  values  of 
the  sideline  perceived  noise  levels  for  four  different  thrusts  for  the  jet  with  pressure 
ratio  of  7 .6  and  total  temperature  of  60  F. 
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Directivity  Index  (dB) 


Figure  69.  Directivity  Pattern  for  Coplanar  Nozzles  with  Area  Ratio 
5,  Velocity  Ratio  0.722. 
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Directivity  Index  (dB) 


Figure  70.  Directivity  Pattern  for  Coplanar  Nozzles  with  Area 
Ratio  10,  Velocity  Ratio  0.731. 


on 


Figure  71.  1500-Foot  Sideline  Perceived  Noise  Level  for  Three  Configurations 
Scaled  to  20,000  Lbs  Thaist,  Primary  Nozzle  Pressure  Ratio  1.6. 
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Figure  72.  Effect  of  Jet  Thrust  on  1500-Foot  Sideline  Perceived  Noise  Level  for 
Near-Optimum  Jet  with  20,000  Lbs  Thrust  (Nozzle  Pressure  Ratio  1 .6 
Temperature  60  F,  No  Secondary  Nozzle). 


6.0  SUMMARY  AND  CONCLUSIONS 


The  acoustic  output  of  more  than  three  hundred  (300)  different  model  coaxial  jet  con¬ 
figurations  has  been  analyzed  and  used  to  determine  the  effect  of  the  slower  secondary 
(or  bypass)  air  flow  on  the  sound  output  of  coaxial  jets.  The  model  data  w*?re  scaled 
to  give  the  sound  power  output  of  a  full-scale  jet  engine,  and  the  sound  pressure 
levels  and  perceived  noise  levels  determined  along  a  sideline  parr.ilel  to  the  jet  axis. 
Noise  reductions  for  coaxial  jets  were  computed  relative  to  a  baseline  single -nozzle 
jet  which  had  the  same  thrust  as  that  of  the  coaxial  jet  and  a  velocity  equal  to  the 
coaxial  jet  primary.  The  principal  conclusions  from  this  work  are  as  follows: 

(1)  The  jet  noise  for  coaxial  jets  with  fixed  thrust  and  area  ratio  was  found  to  be 
minimum  when  the  ratio  of  secondary  velocity  tc  primo  y  velocity  was  approxi¬ 
mately  0.5. 

(2)  The  reduction  in  jet  noise  for  fixed  velocity  ratio  and  thrust  increases  with 
increasing  area  ratio  for  coplanar  or  nearly  coplonar  nozzles.  The  maximum 
reduction  in  overall  sound  power  was  found  to  be  TO  dB,  and  the  maximum 
reduction  in  sideline  perceived  noise  level  was  11  PNdB  for  the  nozzle  which 
had  a  secondary  to  primary  area  ratio  of  10.  however,  the  reductions  for  an 
area  ratio  of  5  were  approximately  only  I  dB  less  thcr  those  for  area  ratio  10. 
These  experimental  results  largely  substantiate  the  simple  theory  of  the  noise 
of  coplanar  coaxial  jets  which  was  developed  in  this  study. 

(3)  These  noise  reductions  were  found  to  be  largely  independent  of  the  pressure 
ratio  of  the  primary  nozzle  and  the  total  remperature  of  the  primary  flow  over 
the  range  of  pressure  ratios  (1.6-  3.5)  and  temperatures  (60  r  -  800°F) 
covered  in  the  experimental  program. 

(4)  While  for  a  fixed  velocity  and  temperature  condition  the  overall  sound  power 
output  is  directly  proportional  K  engine  thrust,  the  maximum  perceived  noise 
level  on  a  1500-foot  s-detlne  was  found  t<,  increase  by  only  2.5  PNdB  each 
time  the  thrust  was  drubled,  over  a  thrust  range  from  10,000  lbs.  to 
80,000  lbs.  The  maximum  perceived  noise  level  is  therefore  proportional  to 
thrust  raised  to  the  power  0.833,  when  velocity  and  temperature  conditions 
ore  held  constant. 

(5)  At  fixed  thrust  end  area  ratio,  the  maximum  perceived  noise  level  on  a  1500- 
foot  sideline  wes  found  to  increase  as  the  eighth  power  of  velocity,  whereas 
the  overall  sound  power  level  increases  as  the  sixth  power. 
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An  engine  designed  to  have  maximum  thrust  per  unit  area  will  generally  have 
minimum  weight  and  drag  per  unit  thrust.  Assuming  the  secondary  flow  Is 
limited  by  aerodynamic  constraints  to  sonic  or  nearly  sonic  flow  speeds,  the 
acoustically  optimum  engine  will  have  primary  and  secondary  velocities  of 
approximately  1000  feet  per  second.  This  Implies  that  the  acoustically 
optimum  primary  flow  temperature  should  be  very  near  ambient  and  the  pressure 
ratio  no  greater  than  that  of  the  secondary.  Although  the  pressure  ratio  con¬ 
dition  is  essentially  achieved  in  current  high  bypass  ratio  jets,  the  temperature 
condition  is  difficult  to  achieve,  although  it  represents  increased  cycle 
efficiency. 

If  all  conditions  of  conclusion  (6)  could  be  achieved  with  a  20,000  lb.  thrust 
engine,  it  would  have  an  estimated  overall  sound  power  output  of  159  dB 
relative  to  10“ 13  watts  and  a  maximum  perceived  noise  level  on  a  1500-foot 
sideline  of  88  PNdB. 

Small  increases  in  the  primary  velocity  relative  to  the  secondary  velocity  pro¬ 
duce  small  increases  in  acoustic  output,  their  magnitudes  being  a  function  of 
area  ratio*  Tables  5  and  6  give  the  ratios  of  primary  velocity  to  secondary 
velocity  which  results  in  either  3  dB  or  6  dB  increase  in  noise  relative  to  the 
noise  of  cm  engine  which  has  a  velocity  ratio  of  unity  and  the  same  secondary 
velocity  and  total  thrust.  The  tables  therefore  give  the  velocity  ratio  which 
results  in  the  specified  noise  increase  compared  to  the  optimum  engine  discussed 
in  conclusions  (6)  and  (7).  The  marked  differences  between  the  two  tables 
results  from  the  difference  between  the  sensitivities  of  the  overall  sound  power 
and  perceived  noise  level  to  changes  in  primary  velocity. 

Table  5 

Secondary-Primary  Velocity  Ratio  for 
Specified  Increase  in  Overall  Sound  Power 


Power  Level 
increase 

Areo  Ratio 

1 

2 

5 

10 

3  dB 

1  .U 

1.17 

1.40 

1.52 

6  dB 

1.34 

1.42 

1.70 

1.85 
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Table  6 


Secondary-Primary  Velocity  Ratio  for 
Specified  Increase  in  Perceived  Noise  Level 


Perceived  Noise 

Area  Ratio 

Level  Increase 

1 

2 

5 

10 

3  PNdB 

1.11 

1.12 

1.18 

1.23 

6  PNdB 

1.29 

1.22 

1.37 

1.53 

(9)  It  is  probable  that  the  noise  reaction  associated  with  coplanar  coaxial  jets 
can  be  increased  by  designing  the  nozzles  to  promote  more  rapid  mixing. 

Such  nozzles  would  probably  enable  the  design  of  engines  with  jet  noise 
characteristics  approaching  the  optimums  discussed  in  conclusions  (6)  and  (7). 

(10)  The  extension  of  Hie  primary  nozzle  up  to  eleven  (II)  primary  nozzle 
diameters  beyond  the  secondary  nozzle  produced  an  increase  in  the  noise 
reduction  for  nozzles  of  area  ratio  I,  little  change  in  the  noise  reduction 
for  nozzles  of  area  ratio  2  and  5,  and  a  decrease  in  the  noise  reduction  for 
nozzles  with  area  ratio  tO. 

(11)  Significant  retractions  of  the  primary  nozzle  inside  the  secondary  nozzle 
tended  to  decrease  the  noise  relative  to  that  produced  by  coplanar  nozzles 
for  all  of  the  secondary  nozzles  when  the  primary  nozzle  had  o  high  pressure 
ratio  (3.5),  but  to  increase  the  noise  when  the  convergent  primary  nozzle  with 
o  subsonic  pressure  ratio  (1 .6)  was  used.  However,  the  flow  conditions  for 
this  latter  primary  nozzle  were  not  characteristic  of  practical  engines,  and  it 

is  concluded  that  retracted  primaries  can  be  beneficial  when  properly  designed. 
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APPENDIX  A 

DIRECTORY  OF  EXPERIMENTAL  RUNS 


This  appendix  contains  a  listing  of  the  experimental  runs  that  were  made  in  the  course 
of  this  project. 

Tabie  A-1  shows  the  groups  of  experimental  runs  associated  with  the  various  flow  con¬ 
ditions  of  the  primary  nozzles  and  the  relative  position  of  the  primary  and  secondary 
nozzles.  Half  extended  or  retracted  means  the  primary  nozzle  is  displaced  5.5 
primary  nozzle  diameters  axially  from  the  exit  plane  of  the  secondary  nozzle.  Fully 
retracted  or  extended  refers  to  11  diameters.  Within  each  group  of  runs  indicated  in 
the  table,  there  is  an  equal  number  of  runs  for  each  of  the  four  secondary  nozzles. 

For  each  secondary  nozzle,  the  secondary  flow  velocity  is  varied  between  that 
required  to  give  a  velocity  ratio  (secondary  to  primary)  of  one-third,  up  to  a  sonic 
velocity.  Intermediate  velocity  ratios  of  two-thirds  and  unity  are  interposed  between 
these  extremes  if  this  does  not  require  the  secondary  velocity  to  be  supersonic. 

Table  A-2  gives  a  detailed  listing  of  the  actual  completed  runs,  giving  the  following 
data: 

•  Run  Number  (numbers  in  parentheses  are  reruns;  asterisks  indicate 
corrections  were  made  to  correct  the  high  frequency  data  in  the  vicinity 
of  110  degrees  for  the  third  anomaly  discussed  in  Section  4.2) 

•  Nozzle  Position 

•  Nomina!  Area  Ratio 

•  Primary  Temperature 

•  Primary  Pressure  Ratio 

•  Primary  Velocity 

•  Velocity  Ratio  (secondary/primary) 

•  Mass  Flow  Ratio  (secondary/primary) 

For  additional  detail,  see  Volume  II. 
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Experimental  Run  Conditions 


■ 

Nom, 

Primary 

Primary 

Primary 

Non*. 

Primary 

Primary 

Primary 

Run 

Nozzle 

Area 

T«wfl>.~0F 

Premir* 

Velocity 

Velocity 

Flaw 

Run 

Nozzle 

Area 

Temp,  F 

Prein;  re 

Velocity 

Number 

Position 

Potio 

Average 

Rotio 

Ft/Sec 

Ratio 

Ratio 

Number 

Poi'tion 

Rotio 

Average 

Rotio 

Ft /Sec 

101 

Primary  Nozzle 

1.5 

899 

- 

- 

149 

Coplonar 

2 

450 

1.6 

1176 

Alone 

150(811) 

Coplanar 

2 

450 

1.6 

1176 

102 

Coplonor 

* 

64 

1.6 

900 

0.35 

0.58 

151 

Coplonor 

5 

450 

U 

1176 

103 

Copimwr 

l 

64 

1.6 

894 

0.70 

0.93 

152 

Coplanar 

5 

450 

t.6 

1176 

104 

Copland? 

1 

64 

1.6 

894 

1,0 

1.33 

153 

Coplanar 

5 

450 

1.6 

1176 

105 

Omitted 

- 

- 

- 

*" 

- 

- 

154  (727) 

Coplonar 

10 

450 

1.6 

1176 

1C6 

Coplanar 

2 

64 

1.6 

891 

0.35 

1.10 

155 

Coplanar 

10 

450 

1.6 

1176 

107  (705) 

Coplonar 

2 

64 

1.6 

893 

0.70 

1.99 

156  (729) 

Coplonar 

10 

450 

1.6 

1176 

100(722) 

Coploner 

2 

64 

1.6 

892 

1.0 

2.61 

*157 

Primary  Nozzle 

- 

450 

2.5 

1590 

109 

Cop!  ana  i* 

2 

64 

1.6 

893 

1.15 

3.25 

Alone 

110  (706) 

Coplonar 

5 

64 

1.6 

872 

0.35 

5.63 

•'58 

Coplanar 

1 

450 

2.5 

1590 

lli  (723) 

Coplonar 

5 

64 

1.6 

892 

0.70 

3.79 

•159 

Coplonor 

1 

450 

2.5 

1590 

112  (803) 

Copfonar 

5 

64 

1.6 

894 

1.0 

5.50 

*160 

Coplanar 

2 

450 

2.5 

1590 

113 

Omitted 

_ 

_ 

_ 

- 

- 

161 

Omitted 

- 

- 

- 

- 

114  (708) 

Cop la not 

10 

64 

1.6 

895 

0.35 

3.30 

•162 

Coplonor 

5 

450 

2.5 

1590 

115(804) 

Coplonar 

10 

64 

1.6 

899 

0.70 

7.15 

163 

Coplanar 

5 

450 

2.5 

1590 

116 

Coplonar 

JO 

64 

1.6 

878 

1.0 

11.03 

*164  (812) 

Coplanar 

to 

450 

2.5 

1590 

117(726) 

Coplonor 

10 

64 

1.6 

881 

1.16 

14.28 

165 

Coplanar 

10 

450 

2.5 

1590 

118 

Primary  Nozzle 

_ 

64 

2.5 

1204 

*166 

Primary  Nozzle 

- 

450 

3.5 

1817 

Alone 

Alone 

119(70?) 

Coplonar 

1 

64 

2.5 

1199 

0.38 

0.46 

*167  (732) 

Coplnnar 

1 

450 

3.5 

1817 

ISO  (710) 

Coplonar 

1 

64 

2.5 

1199 

0.73 

0.79 

168 

Omitted 

- 

** 

“ 

•121  (713) 

Coplano  r 

I 

64 

?.5 

1207 

0.84 

1.04 

*169 

Coplonar 

2 

*50 

3.5 

1817 

*  122  (714, 

Coplonor 

2 

64 

2.5 

1195 

0.38 

0.V2 

*170  (734) 

Coplonar 

2 

450 

3.5 

1817 

*123 

Coplonar 

2 

64 

2.5 

1193 

0.73 

1.61 

*171 

Coplonar 

5 

450 

3.5 

18)7 

*124  (715) 

Coplonar 

2 

64 

2.5 

1193 

0.86 

2.03 

*172  (736) 

Coplonor 

5 

450 

3.5 

1017 

*125(717) 

Coplonar 

5 

64 

2.5 

1182 

0.38 

1.67 

*173 

Coplanar 

10 

450 

3.5 

1817 

•126 

Coplonar 

5 

64 

2.5 

1177 

0.73 

3.34 

*174 

Coplonor 

10 

450 

3.5 

1817 

127  (719) 

Coplonar 

5 

64 

2.5 

11 77 

0.86 

4.14 

175 

r\imory  Nozzle 
Alone 

- 

800 

1.6 

1401 

*128 

Copkinor 

10 

64 

2.5 

1184 

1194 

0.38 

3.18 

6.69 

176 

Coplanar 

1 

800 

1.6 

1401 

*129 

Coplonor 

10 

64 

2.5 

0.73 

177 

1 

800 

1.6 

1362 

Coplanar 

*130 

CoplanOr 

10  • 

64 

2.5 

1195 

0.87 

8.38 

178 

Coplonor 

1 

800 

1.6 

1362 

*131 

_ 

64 

3.5 

1380 

— 

— 

800 

1.6 

1364 

Alone 

179 

Coplonor 

2 

•132  . 

Coplonor 

1 

64 

3.5 

1374 

0.35 

0.38 

180  (737) 

Coplonor 

2 

800 

1.6 

1359 

*133 

Omitted 

- 

- 

- 

- 

- 

- 

181 

Coplanar 

2 

800 

1.6 

1361 

*134 

Coplanar 

1 

64 

3.5 

1382 

0.74 

0.76 

132 

Coplonar 

800 

1.6 

1369 

*135  (720) 

Coplonor 

2 

64 

3.5 

1370 

0,35 

0.68 

183  (738) 

Coplonor 

5 

800 

1.6 

1362 

*136  (809) 

Coplonor 

2 

64 

3.5 

1368 

0.67 

1.31 

184  (739) 

Coplonor 

5 

.800 

1.6 

1366 

*137 

Coplonor 

2 

64 

3.5 

1374 

0.74 

1.48 

195  (815) 

Coplonar 

10 

800 

1.6 

1366 

*138 

Coplonor 

5 

64 

3.5 

1376 

0.35 

1.40 

186 

Coplonor 

10 

900 

1.6 

1359 

*139 

Coplonor 

5 

64 

3.5 

1376 

0.67 

2.96 

187 

CoplanOr 

10 

800 

1.6 

1359 

*140 

Coplamir 

5 

64 

3.5 

1367 

0.75 

3.36 

*188 

Primary  Nozzle 

- 

800 

2.5 

1864 

*141  (721) 

Coplonor 

10 

64 

3.S 

1387 

0.35 

2.64 

*189 

Coplonor 

1 

800 

2.5 

1853 

*142 

Coplonor 

to 

64 

3.5 

1383 

0.67 

5.68 

♦190 

Coplonor 

1 

800 

2.5 

1856 

*143 

Coplanar 

10 

64 

3.5 

1387 

0.75 

6.67 

191 

Coplonor 

2 

800 

2.5 

1855 

144 

Primary  Nozzle 
Alone 

* 

450 

1.6 

1176 

“ 

" 

192 

Coplanar 

2 

800 

2.5 

1856 

145 

Coplonor 

1 

450 

1.6 

1176 

0.38 

0.78 

*193 

Coplonor 

5 

800 

2.5 

1854 

146 

Coplonor 

1 

450 

1.6 

1176 

0.73 

1.43 

19*  (7*1) 

Coplonor 

5 

800 

2.5 

1853 

147 

Coplonor 

1 

450 

1.6 

1176 

0.88 

1.89 

195 

Omitted 

- 

“ 

~ 

140 

Coplonar 

2 

450 

1.6 

1176 

0.38 

1.38 

196 

Coplonor 

10 

800 

2.5 

1862 
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Norn, 

Mmory 

Mmory 

Mmory 

Mow 

Ncm. 

Mmory 

Mmary 

Mmory 

Mom 

foft 

Nwutle 

Ar*c 

T«mp.  ~*F 

Freewre 

Velocity 

Velocity 

Flow 

fcm 

Notzle 

Area 

Temp.  ~°F 

Frewure 

Velocity 

Velocity 

Flow 

Number 

Petition 

Ratio 

Average 

Ratio 

FtA.c 

Ratio 

Ratio 

Number 

Podrlon 

ftjtlo 

Average 

Ratio 

Fl/S« 

Ratio 

Ratio 

•W 

Mmory  Naxile 

_ 

800 

3.5 

2169 

_ 

_ 

•241 

Fully  Extended 

io 

66 

2.5 

1205 

0.72 

5.31 

Alone 

Mmory 

*i« 

Cop  tartar 

1 

800 

3.5 

2183 

0.38 

0.84 

242 

Omitted 

- 

- 

“ 

- 

- 

- 

*199 

Coplonar 

I 

800 

3.5 

2178 

0.49 

1.08 

•243 

folly  Extended 

1 

66 

3.5 

1375 

0.36 

0.27 

*200 

Coplonar 

2 

800 

3.5 

2179 

0.38 

1.74 

Mmory 

201 

Coplonar 

2 

800 

3.5 

2183 

0.48 

2.27 

•244 

folly  Extended 

1 

66 

3.5 

1333 

0.67 

0.59 

*202  (744) 

Copkmor 

5 

800 

3.5 

2163 

0.38 

3.84 

*245 

folly  Extended 

1 

66 

3.5 

1384 

0.74 

0.70 

203 

Omitted 

- 

- 

* 

- 

- 

- 

Mmory 

*204 

Coplonar 

10 

800 

3.5 

2180 

0.38 

7.29 

*244 

folly  Extended 

2 

66 

3.5 

1367 

0.36 

0.51 

205 

Coptonor 

10 

800 

3.5 

2184 

0.48 

10.06 

Mmory 

206  -214 

Omitted 

- 

- 

- 

- 

- 

- 

*247 

folly  Extended 

2 

66 

3.5 

1374 

0.68 

1.05 

215 

Fully  Extended 
Primary 

I 

66 

1.6 

896 

0.35 

0.32 

*248 

folly  Extended 
Mmory 

2 

66 

3.5 

1380 

0.74 

1.29 

216 

Fully  Extended 
Mmory 

1 

66 

1.6* 

896 

0.70 

0.82 

*249 

folly  Extended 
Mmory 

5 

66 

3.5 

1374 

0.35 

1.30 

217 

Fully  Extended 
Mmory 

t 

66 

1.6 

900 

0.99 

1.21 

*250(747) 

folly  Extended 
Mmory 

5 

66 

3.5 

1370 

0.68 

2.51 

2ia 

Fully  Extended 
Mmory 

1 

66 

1.6 

896 

1.14 

1.49 

•251 

folly  Extended 
Mmory 

5 

66 

3.5 

1378 

0.74 

3.23 

219 

Fully  Extended 
Mmory 

* 

66 

1.6 

892 

0.35 

0.60 

•252 

folly  Extended 
Prlmory 

10 

66 

3.5 

1388 

0.34 

2.47 

220 

Fully  Extended 
Mmory 

2 

66 

1.6 

892 

0.70 

1.34 

*253 

Fully  Extended 
Mmory 

10 

66 

3.5 

1388 

0.68 

3.44 

221 

Fully  Extended 
Mmor/ 

2 

66 

1.6 

895 

1.0 

2.7? 

*254 

Fully  Extended 
Mmory 

10 

66 

3.5 

1387 

0.75 

4.31 

222 

Fully  Extended 
Mmory 

2 

66 

1.4 

895 

1.14 

3.34 

255 

folly  Extended 
Mmory 

l 

450 

1.6 

1177 

0.39 

0.50 

223 

Fully  Extended 
Mmory 

5 

66 

1.6 

894 

0.34 

1.60 

256 

Fully  Extended 
Mmary 

1 

450 

1.6 

1184 

0.73 

1.77 

224 

Omitted 

“ 

- 

- 

~ 

“ 

257 

Fully  Extended 

1 

450 

1.6 

1183 

0.88 

1.54 

225 

Fully  Extended 

5 

66 

1.6 

895 

0.99 

6.09 

Prlmory 

Mmory 

258 

folly  Exttno'ed 

2 

450 

1.6 

1187 

0.39 

1.04 

226 

Fully  Extended 

5 

66 

1.6 

900 

1.15 

7.01 

Mmory 

Mmory 

259 

folly  Extended 

2 

450 

1.6 

1187 

0.73 

2.34 

227 

Fully  Extended 

10 

66 

1.6 

887 

0.35 

3.20 

Mmory 

Mmory 

260 

folly  Extended 

2 

450 

1.6 

1184 

0.88 

3.02 

225 

Fully  Extended 

to 

66 

1.6 

895 

0.70 

6.65 

Mmory 

Mmqry 

261 

Fully  Extended 

5 

450 

1.6 

1185 

0.38 

2.85 

229 

Fully  Extended 

10 

66 

1.6 

898 

1,0 

10.58 

Primary 

Mmory 

262 

Omitted 

_ 

_ 

- 

- 

- 

- 

230 

Fully  Extended 
Mmory 

10 

66 

1.6 

890 

1.16 

12.44 

263 

folly  Extonded 
Mmory 

5 

450 

1.4 

1)83 

0.88 

7.96 

*231 

Fully  Extended 
Primary 

1 

66 

2.5 

1210 

0.38 

0.32 

264 

folly  Extended 
Prlmory 

10 

450 

1.4 

1186 

0.38 

5.44 

*232 

Fully  Extended 
Mmory 

1 

66 

2.5 

1221 

0.71 

0.68 

245  (750) 

folly  Extonded 
Mmory 

10 

450 

1.6 

1155 

0.72 

11.66 

*233 

Fully  Extonded 
Mmory 

1 

66 

2.5 

1220 

0.84 

0.15 

266 

Fully  Extended 
Mmory 

10 

450 

1.4 

1186 

0.55 

16.15 

*234 

Fully  Extended 
Mmory 

2 

66 

2.5 

1209 

0,38 

0.55 

*267 

folly  Extended 
Mmary 

1 

450 

2.5 

1605 

0.41 

0.34 

•235 

Fully  Extended 
Mmory 

2 

66 

2.5 

1217 

0.72 

1.26 

*268 

folly  Extended 
Mmory 

1 

450 

2.5 

15M 

0.66 

1.15 

•236 

Fully  Extonded 
Mmory 

2 

66 

2.5 

1204 

0,55 

1.54 

*269 

folly  Extended 
Mmary 

2 

450 

2.3 

1404 

0.40 

0.9J 

*237 

Fully  Extended 
Mmory 

Fully  Extended 
Mmory 

5 

66 

2.5 

1200 

0.38 

1.60 

*270 

Omitted 

- 

- 

- 

- 

- 

- 

•235 

3 

66 

2.5 

1187 

0.73 

3.24 

•271 

folly  Extended 
Mmory 

5 

450 

2.5 

1401 

0.40 

2.62 

•235 

Omitted 

- 

- 

- 

- 

- 

- 

*272 

Fully  Extended 

5 

450 

2.5 

1605 

0.43 

4.55 

•240 

Fully  Extended 
Mmory 

to 

66 

2.5 

1205 

0.38 

2.44 

•273 

Fully  Extended 
Mmory 

10 

450 

2.5 

1603 

0.40 

5.07 
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Table  A-2  -  continued 


Nom. 

Prlmory 

Primary 

Primary 

Mm 

Nom. 

Primary 

Primary 

Primary 

Mau 

fcjn 

Nozzle 

Area 

Temp,  ~  F 

fVewur* 

Velocity 

Velocity 

Flow 

Run 

Nozzle 

Area 

Temp, 

Preuure 

Velocity 

Velocity 

Flaw 

Humber 

taltlon 

Ratio 

Average 

Ratio 

FfAec 

Ratio 

Ratio 

Number 

Pjiition 

Ratio 

Average 

Ratio 

Ft/S« 

Ratio 

Ratio 

*274 

Fully  Extended 

10 

450 

2.5 

1604 

0.65 

9.62 

330 

Fully  Retracted 

2 

74 

2.23 

1146 

0.40 

0.76 

Primary 

Primary 

•275  (731) 

Fully  Extended 

I 

450 

3.5 

1802 

0.42 

0.64 

331 

Fully  Retracted 

2 

74 

1.61 

906 

0.86 

1.66 

Primary 

Primary 

*276 

Fully  Extended 

1 

450 

3.5 

i800 

0.58 

0.98 

332 

Fully  Retracted 

2 

74 

1.32 

702 

1.47 

2.48 

Primary 

Primary 

•277 

Fully  Extended 

2 

450 

3.5 

1800 

0.42 

0.72 

333 

Fully  Retracted 

5 

74 

2.23 

1141 

0.40 

1.79 

Primary 

Prlmory 

•273  (732) 

Fully  Extended 

2 

450 

3.5 

1800 

0.58 

1.07 

334 

Fully  Retracted 

5 

74 

1.56 

872 

1.03 

3.68 

Primary 

Primary 

*279 

Fully  Extended 

5 

450 

3.5 

1798 

0.42 

1.52 

335 

Fully  Retracted 

5 

74 

1.32 

705 

1.47 

4.98 

Primary 

Prlmory 

*260 

Fully  Extended 

5 

450 

3.5 

1800 

0.58 

2.19 

336 

Fully  Retracted 

10 

74 

2.23 

1148 

0.40 

3.20 

Primary 

Primary 

*201 

Fully  Extended 

10 

450 

3.5 

J8Q3 

0.42 

5.17 

337 

Fully  Retracted 

10 

74 

1.61 

904 

0.96 

6.34 

Primary 

Wmoiy 

*282 

Fully  Extended 

10 

450 

3.5 

1802 

0.58 

7.96 

338 

fully  Retracted 

10 

74 

1.32 

705 

1.47 

8.&S 

Primary 

Primary 

283-284 

Omitted 

- 

- 

- 

- 

- 

- 

339 

Fully  Retracted 

1 

74 

3.06 

1330 

0.37 

0.46 

285 

Fully  Extended 

1 

800 

1.6 

1372 

0.78 

1.74 

Primary 

Primary 

340 

Fully  Retracted 

1 

74 

2.09 

1114 

0.84 

0.89 

206 

Fully  Extended 

2 

800 

1.6 

1374 

0.37 

1.33 

Primary 

Primary 

341  (763) 

Fully  Retracted 

1 

74 

1.85 

1025 

1.01 

1.12 

287  (754) 

Fully  Extended 

2 

800 

1.6 

1376 

0.69 

2.92 

Primary 

Primary 

347 

Fully  Retracted 

2 

74 

3.06 

1331 

0.37 

0.74 

288 

Fully  Extended 

2 

800 

1.6 

1379 

0.76 

3.58 

Primary 

Primary 

343 

Fully  Refracted 

2 

74 

2.09 

1114 

0.84 

1.43 

289 

Fully  Extended 

5 

800 

1.6 

1377 

0.36 

3.57 

Primary 

1.68 

Primary 

344 

Fully  Refracted 

2 

74 

1.85 

1024 

1.01 

290 

Fully  Extended 

5 

800 

1.6 

1374 

0.69 

7.63 

Primary 

Primary 

345 

Fully  Retracted 

5 

74 

3.06 

1331 

0.37 

1.62 

29t 

Fully  Extended 

5 

800 

1.6 

1374 

0.76 

8.82 

Prlmory 

Primary 

346 

Fully  Retracted 

5 

74 

2.09 

1100 

0.85 

3.09 

292  -  302 

Omitted 

_ 

_ 

_ 

Primary 

•203  (733) 

Fully  Extended 
Primary 

1 

800 

3.5 

2182 

0.39 

0,62 

347  (764) 

Fully  Retracted 
Primary 

5 

74 

1.85 

1024 

1.01 

3.57 

*304 

Fully  Extended 
Primary 

1 

800 

3.5 

2185 

0.49 

0,96 

348 

Fully  Retracted 
Primary 

10 

74 

3.06 

1335 

0.37 

2.88 

305^310 

Omitted 

- 

- 

- 

- 

- 

- 

349 

Fully  Retracted 
Primary 

10 

74 

2.0? 

1115 

0.85 

6.05 

31! 

Fully  Retracted 
Primary 

1 

74 

1.52 

846 

0.37 

0.71 

350 

Fully  Retracted 
Primary 

10 

74 

1.85 

1023 

1.02 

6.69 

312 

Fully  Retracted 
Prlmory 

1 

74 

1.29 

664 

0.94 

1.80 

391-407 

Omitted 

- 

- 

- 

- 

- 

- 

313-314 

Omitted 

- 

- 

- 

- 

- 

- 

408  (823) 

Half  Extended 

1 

60 

1.6 

896 

0.70 

0.63 

313 

Fully  Refracted 

2 

74 

1.52 

845 

0.37 

0.99 

409 

1 

60 

1.6 

894 

1.0 

1.04 

Primary 

Primary 

316 

Fully  Retracted 

2 

74 

1.29 

663 

0.94 

2.15 

410 

Half  Extended 

1 

60 

1.6 

895 

1.15 

1.28 

Prlmory 

ftlmary 

317-319 

Omitted 

- 

- 

- 

- 

“ 

- 

411 

Half  Extended 

2 

60 

1.6 

894 

0.35 

0.53 

320 

Fully  Retracted 

74 

1.29 

664 

0.94 

4.34 

Primary 

Primary 

417 

Half  Extended 

2 

60 

1.6 

896 

0.70 

1.27 

321-322 

Omitted 

- 

- 

- 

- 

- 

“ 

Primary 

323 

Fully  Retracted 

10 

74 

1.52 

853 

0.37 

3.63 

413 

Half  Extended 

9 

60 

1.6 

897 

l.O 

2.12 

Primary 

Prlmory 

324 

Fully  Retracted 

10 

74 

1.29 

669 

0,94 

7.70 

414  (756) 

Half  Extended 

2 

60 

1.6 

895 

1.15 

2.59 

Primary 

Primary 

325  -  327 

Omitted 

- 

- 

- 

- 

- 

- 

415 

Half  Extended 

5 

60 

1.6 

886 

0.35 

1.54 

328  (832) 

Fully  Retracted 

I 

74 

1.61 

096 

0,96 

1.16 

Primary 

Primary 

416 

Half  Extended 

5 

60 

1.6 

883 

0.70 

3.28 

329  (762) 

Fully  Retracted 

1 

74 

1,32 

700 

1.47 

t  .68 

Primary 

1.01 

Primary 

417  (874) 

Half  Extended 
Primary 

5 

60 

1.6 

. 

887 

_ 

5.14 
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Table  A-2  —  continued 


(\ 


No*. 

Run  Nwtxlc  Area 

Number  Rwitlon  Ratio 


Half  Extended 
Rlmory 

Half  Extended  10 

Primary 

Half  Extended  10 

Primary 

Half  Extended  10 

Rimory 

Half  Extended  10 

Primary 

Half  Extended  1 

Primary 

Half  Extended  I 

Primary 

Holf  Extended  1 

Primary 

Half  Extended 
Primary 

Hair  Extended 
Primary 

Omitted 


Primory 
Temp.  ~°F 
Average 


Primary 

Half  Extended 
Primary 

Keif  Extended 
Primary 

Half  Extended 

Rimary 

Half  Extended 
Primary 

Half  Extended 
Rtmery 

Helf  Extended 


Helf  Extended 
Primary 


5 

60 

5 

60 

3 

60 

10 

60 

10 

60 

10 

60 

1 

60 

I 

60 

1 

60 

a 

60 

2 

60 

2 

60 

3 

60 

5 

60 

5 

60 

to 

60 

10 

60 

JO 

60 

1 

440 

1 

440 

460 

Rimaiy  Primary 
Pretiure  Velocity  Velocity 
Ratio  FtAec  Ratio 


1.6  987  1.16 

1.6  887  0.35 

1.6  887  0.70 

1.6  994  1.01 

1.6  992  1.16 

1199  0.39 

1199  0.72 

1202  0.95 

1202  0.39 

1202  0.72 

1202  0.39 

2.5  1205  0.72 

1211  0.83 

1210  0.39 

1205  0.72 

1209 
1334 
1360 

1363 

1364 
1366 
1347 
1370 

3.5  I  1374 


i 


1310 
1374 
1379 
1390 
i.*  !  in* 


1.4  II** 
1.4  HU 


Nam, 

Run  Nault  Area 

Number  Petition  Ratio 


Half  Extended 
Primory 

Half  Extended 
Primory 

Half  Extended 
Primory 
Half  Extended 
Primary 
Half  Extended 
Primary 
Half  Extended 
Primary 

Hair  Extended  10 
Primary 

Half  Extended  10 
Primary 

Half  Extended  10 
Primary 

Half  Extended  I 

Primary 

Half  Extended  I 

PVImpry 

Half  Extended 

Primory 

Half  Extended 
Primary 

Half  Extended  3 

Primary 

Half  Extended  3 

Primary 

Half  Extended  10 

Rimery 

Half  Extended  10 

Primary 

Half  Extended 
Mmery 

Helf  Extended 
Rlmery 

Helf Extended 
Primary 

Helf  (xtmided 
Rlaary 

Half  Extended 
Rimary 

Half  Extended 
Mmory 

Hetf  Extended  10 
Rlmery 

Helf  Extended  10 
Mmery 

Omitted 


436 

457 

458 
*439 
*460 
*461 

•462  (926) 
*463 


Hell  tefcooed 
Rlmery 

Half  lenaeHd 
Rimary 

Helf  leHeeted 
Rlmery 


Half  txtfluted 
Mmery 
Half  R xtrected 
Mmery 


Primory 

Temp* 

Average 

Mmory 

Prewure 

Ratio 

Rimary 

Velocity 

Ft/Sec 

460 

1.6 

1187 

460 

t.6 

1193 

460 

M 

1189 

460 

1.6 

1197 

460 

1.6 

1114 

460 

1.6 

1196 

460 

1.6 

1193 

460 

1.6 

1196 

460 

1.6 

1196 

440 

2.3 

1601 

460 

5.5 

15*5 

460 

5.5 

1601 

440 

5.5 

15*4 

440 

5.5 

1600 

440 

5.5 

IS** 

440 

5.5 

1401 

440 

2.3 

•401 

440 

5.5 

115* 

440 

5.5 

1924 

440 

3.3 

IB> 

440 

3.5 

1938 

440 

3.3 

IB* 

440 

3.3 

1(23 

4r<) 

3.3 

1*5* 

3.3 

IB* 

70 

70 

1.29 

1.37 

444 

947 

70 

1.5* 

443 

. 

- 

70 

1.33 

90 

70 

1.3t 

441 

- 

- 

- 

APPENDIX  B 

JET  FLOW  PROFILE  MEASUREMENTS 


Measurements  were  made  of  the  total  pressure,  static  pressure  and  total  temperature 
profile  at  the  exit  plane  of  the  model  jets  prior  to  initiating  the  acoustic  tests.  These 
tests  were  conducted  primarily  to  check  the  velocity  profile  at  the  exit  of  the  primary 
and  secondary  jets.  In  addition,  the  data  provided  an  independent  check  on  the 
thrust  measurements.  A  few  profile  measurements  were  also  made  well  downstream  of 
the  exit  plane  to  investigate  the  spreading  characteristics  of  a  coaxial  jet.  Typical 
results  from  these  measurements  are  presented  in  this  appendix.  The  instrumentation 
and  apparatus  used  has  been  described  in  Sections  3.2.4  and  3.3,4. 


B-l  Test  Conditions 


Test  conditions  for  which  significant  flow  profile  data  were  obtained  are  summarized 
in  Table  B-l .  The  first  series  of  runs  were  made  without  any  secondary  nozzle.  The 
remaining  runs  were  made  with  both  nozzles  in  place,  olthough  in  some  cases  there 
was  no  air  flow  through  one  of  the  nozzles.  It  is  apparent  that  only  a  small  number  of 
the  possible  configurations  were  used  for  obtaining  flow  profile  data. 


B-2  Test  Results 


Figure  B-l  presents  a  sample  of  the  raw  data  token  directly  from  the  chart  recorder, 
showing  o  totol  pressure  profile  measurement  for  o  primary  nozzle  with  a  pressure  ratio 
of  1 .6.  Data  of  this  type  is  the  basis  for  the  calculation  of  flow  velocity.  Figure  B-2 
shows  the  velocity  profile  at  the  exit  plane  of  the  nozzle  with  pressure  ratio  1 .6  as  a 
function  of  totol  temperature  of  the  flow.  As  would  be  expected  from  aerodynamic 
considerations,  the  boundary  layer  tends  to  become  thinner  with  Increasing  temper¬ 
ature.  Note  that  the  obscisso  is  broken  to  expand  the  scale  within  the  region  of 
interest.  Figure  B-3  shows  a  similor  set  of  profiles,  except  that  in  this  case  the  flow 
totol  temperature  Is  held  at  approximately  B50°F  while  the  nozzle  pressure  ratio  is 
changed.  It  should  be  noted  that  these  three  profiles  were  made  by  three  different 
nozzles,  not  by  one  nozzle  with  o  varying  pressure  rotio. 
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B-l 


Table  B-l 

Conditions  for  Flow  Profile  Data 


Temperature  of  Secondary  varied  from  7  Or  to  90°F. 
ft  Measurements  also  taken  at  Positions  Downstream  of  Nozz 
Retracted  or  Fully  Extended  Position. 

lotaf  Pressure,  P  ~  Static  Pressure,  T  =  Total  Temperature 


Relative  Velocity  Ratio  U  /U 


Figure  B-3.  Typical  Flow  Velocity  Profiles  Through  Exit  Plane 
Boundary  Loyer  for  the  Three  Primary  Nozzles. 


Plenum  Pressure 


Figure  B-4.  Typical  Profile  of  Total  Pressure  at  Exit  Plane  of 
Supersonic  Nozzle  (Pressure  Rotio  3.5)  Operating 
at  Off- Design  Conditions. 


B-4 


The  complete  velocity  profile  for  the  supersonic  nozzies  was  found  to  be  very  sensitive 
to  changes  in  pressure  ratio.  Figure  B-4  illustrates  the  changes  that  occur  for  the 
nozzle  designed  for  a  pressure  ratio  of  3.5.  The  correct  plenum  pressure  for  this 
nozzle  is  37  psig,  which  unfortunately  was  not  included  in  the  series  of  runs.  How¬ 
ever,  the  figure  still  indicates  that  the  discontinuities  in  the  velocity  profile  decrease 
as  the  correct  pressure  ratio  is  approached. 

Figure  B-5  shows  the  total  pressure  profiles  for  the  flow  from  the  secondary  nozzles 
with  a  primary  nozzle  in  position  but  without  any  airflow  through  it.  The  profiles 
were  made  on  a  single  traverse  across  a  diameter  of  the  jet.  For  presentation,  the 
profiles  for  both  sides  of  the  jet  are  placed  on  the  same  graph.  A  slight  lack  of 
symmetry  which  decreases  with  area  ratio  is  displayed  on  these  figures.  This  was  due 
partly  to  off-center  fitting  of  the  primary  nozzle  which  was  rectified  by  improving  the 
location  and  fixing  of  the  primary  nozzies.  Note  that  on  the  figure  for  area  ratio  10, 
o  dashed  line  is  included  to  show  the  profile  that  was  measured  when  the  primary 
nozzle,  without  any  oirflow  through  it,  was  retracted  inside  the  secondary  nozzle. 

In  this  case,  the  flow  of  the  exit  plane  is  essentially  uniform  across  the  whole  diameter 
of  the  nc-xzle. 

The  remaining  figures  show  measurements  mode  with  airflow  in  both  the  primary  and 
secondary  nozzles.  Figure  shows  the  total  pressure  and  total  temperature  profiles 
at  several  axial  positions  for  o  nozzle  with  area  ratio  10.  The  primary  nozzle  was 
designed  to  run  at  a  pressure  rotio  of  2.5  but  for  this  series  of  traverses  was  actually 
run  at  2. 1.  The  secondary  nozzle  was  operated  at  a  pressure  ratio  of  1 ,5,  There  is 
evidence  of  the  operation  of  the  primary  nozzle  below  its  design  pressure  ratio  shown 
by  the  discontinuous  form  of  the  total  pressure  profile  at  the  exit  plane  within  the 
region  of  the  primory  flow.  It  will  also  be  noted  thet  there  is  o  sharp  dip  in  the  total 
pressure  profile  o*  the  edge  of  the  primory  nozzle  caused  by  the  finite  thickness  of 
the  edge  of  the  primary  nozzle  and  the  boundary  layer  shed  from  the  inside  and  out¬ 
side  of  the  primory  nczilo.  As  the  profile  >t«hcn  is  moved  downstream,  the  evidence 
of  the  shock  structure  *n  the  primary  flow  grow?  wsoker  and  the  mixing  process  between 
primory  and  secondary  fio'-v  becomes  cpporent.  Figure  8-7  shows  c  similar  senes  of 
profiles  for  the  primary  nozzle  with  pressure  rotio  3.5.  Again,  the  nozzle  is  operating 
slightly  off  design  pressure  rotio.  It  is  also  apparent  that  ihe  rote  of  decoy  of  total 
pressure  in  a  ^odial  direction  is  much  more  rapid  than  the  decay  in  temperature.  This 
is  o  characteristic  of  the  mixing  process  in  jet  flow. 
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Figure  B-6,  Total  Pressure  and  Temperature  Profiles  at  Several  Axial 
Positions  for  Coplanar  Nozzles  with  Area  Ratio  10. 
Primary  Pressure  Ratio  2.1,  Secondary  Pressure  Ratio  1.5. 
(Primary  Operating  Below  Design  Pressure  Ratio.) 
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Figure  B-7,  Totol  Pressure  and  Temperature  Profiles  at  Several  Axial  Positions  for 
Pressure  Ratio  3.5  Primary  Nozzle  Alone.  (Operating  Slightly 
Below  Design  Pressure.) 


The  profiles  measured  with  the  primary  nozzle  fully  extended  or  fully  refracted  did 
not  show  particularly  striking  features.  The  only  case  illustrated  (Figure  B-8)  shows 
the  total  pressure  and  temperature  profile  across  the  exit  plane  of  the  secondary 
nozzle  (area  ratio  10)  with  the  grimary  nozzle  fully  retracted.  The  primary  nozzle 
was  run  at  a  temperature  of  790°F.  There  is  a  very  slight  bulge  in  the  pressure  and 
temperature  profiles  at  the  exit  plane,  which  indicates  that  considerable  mixing  of 
the  secondary  and  primary  flows  has  taken  place.  Profile  measurements  made  with  the 
primary  fully  extended  were  distinguished  by  the  absence  of  any  significant  difference 
between  these  profiles  and  the  profiles  obtained  for  the  primary  alone.  This  is  not  too 
surprising  in  view  of  the  relatively  long  distance  (8.5  inches)  between  the  secondary 
and  primary  nozzles. 


Total 

Temp  Pres 


Figure  B-8.  Total  Pressure  and  Temperature  Profiles  at  Exit  Plane  of 
Secondary  Nozzle  (Pressure  Ratio  1.89,  Area  Ratio  10) 
with  Primary  Nozzle  (Pressure  Ratio  2.5,  Total  Temper¬ 
ature  790°F)  Fully  Retracted. 
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APPENDIX  C 

COMPUTER  PROGRAM  FOR  DATA  ANALYSIS 


Section  3.3  of  this  report  has  given  details  of  the  analytic  methods  used  to  process  the 
experimentally-obtained  data  and  to  scale  them  to  obtain  results  applicable  to  full- 
scale  jets.  The  details  of  the  programs  used  for  accomplishing  these  analyses  are 
given  in  this  appendix. 

The  data  obtained  from  the  experiment  was  in  two  forms.  The  basic  data  giving  flow 
conditions,  pressures  and  temperatures  for  each  run  was  noted  on  run  sheets  and  then 
transcribed  and  punched  on  FORTRAN  data  cards.  The  remaining  octave  band  and 
overall  sound  pressure  data  obtained  from  the  traverse  of  the  jet  sound  field  was  stored 
on  magnetic  tape  and  later  processed  by  an  automatic  octave  band  analyzer  which 
punched  the  data  on  eight-hole  paper  tape.  A  preliminary  program  was  therefore 
required  to  reproduce  this  data  on  FORTRAN  data  cards.  This  reproduction  program 
was  written  at  the  Control  Data  Corporation  (CDC)  Data  Center  at  Los  Angeles  to  run 
on  a  small  CDC  16QA  computer.  This  was  a  machine  language  program  and  is  not 
reproduced  here. 

The  main  portion  of  the  data  processing  was  done  using  a  FORTRAN  program  written 
for  the  CDC  6600  computer  at  Los  Angeles.  Details  of  this  program  are  given  in  the 
following  pages.  <.ie  program  was  written  as  a  series  of  subprograms.  The  connec¬ 
tions  between  these  subprograms  are  shown  in  Figure  C-l .  A  brief  description  of  each 
of  these  subprograms  is  then  given,  followed  by  a  complete  listing. 


C-I  Controlling  Program  AI90I 


Purpose 

This  is  the  controlling  program  for  the  reduction  and  analysis  of  the  model  jet  acousti¬ 
cal  deta.  It  accepts  the  model  data  and  scales  it  to  equivalent  full  size  bypass  jet 
engine  exhaust  nois*  data. 

Argument  List 

The  elements  in  the  argument  list  for  this  routine  are  control  information  required  by 
the  particular  CDC  6600  Computer  System  on  which  this  program  was  run. 


Subroutine 

AQUIRE 


Subroutine 

STEP1 


Controlling 

Program 


A 1901 


Subroutine 

STEP2 


Subroutine 

STEP3 


Subroutine 

STEP4 


t 

Subroutine 

STEP5 


Figure  C-l.  Basic 


Subroutine 

OLLER 


>w  Diagram  for  Complete  Data 
n  Computer  Program 


Gammon  Storage 
/DATA1/ 

FF  contains  one-third  octave  band  center  frequencies  (these  are  set  in  a  DATA  state¬ 
ment)  . 

Ml,  LI,  LC,  M2,  L2  are  constants  (set  in  a  DATA  statement)  utilized  in  subroutine 
OLLER  for  perceived  noise  level  calculations. 

/DATA2/ 

ICH  is  a  counter  used  in  subroutine  AQUIRE  (set  as  a  DATA  statement). 

PI  is  the  constant  rr. 

ABO,  AB1,  AB2  are  constants  used  in  function  FCTION  (set  as  DATA). 

/DATA3/ 

The  items  in  this  common  data  store  are  as  defined  below  as  input  to  this  routine 
(except  that  at  input,  the  first  character  is  repeated;  e.g.,  RRM  at  input  is  equiva¬ 
lent  to  RM  in  DATA3). 

/DATA4/ 

RC  is  the  value  of  specific  acoustic  impedance  (pc,  cgs  rayls). 

R  is  the  radius  of  the  boom  (ft)  of  the  traverse  microphone. 

VM  is  the  velocity  of  the  microphone  on  the  boom  (ft/sec). 

DT  Is  the  time  to  take  one  sound  level  reading  with  the  traversing  microphone  (sec). 

TH  contains  a  list  of  the  angles  relative  to  the  jet  axis  at  which  sound  measurements 
were  made. 

XRI,  XR2  are  the  two  sideline  distances. 

THRI,  THR2,  THR3  and  THR4  are  the  four  full-scale  jet  thrusts. 

F  contains  the  octave  bond  center  frequencies. 

All  the  above  data  were  set  as  a  DATA  statement. 

/QATA5/ 

N,  NI,  NC  are  Integers  controlling  the  amount  of  the  experimental  data  that  is  used 
In  the  analysis  (set  as  DATA). 
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C-3 


V  is  storage  space  for  the  experimental  data. 

DBMS  is  the  instrumentation  noise  floor. 

IND  is  used  in  subroutine  STEP3. 

Unnamed  Common  Storage 

Used  as  required  throughout  the  computer  program. 

Method 

See  Section  3.3. 

Other  Routines  Used 

This  controlling  program  uses  subroutines  STEP1,  STEP2,  STEP3,  STEP4,  STEPS,,  PLOT2, 
OILER  and  HEAD,  and  function  FCTION.  In  addition,  certain  plotting  routines  are 
called  which  were  incorporated  within  the  software  of  the  computer  system  used. 

Data  Required 

Some  of  the  invariant  data  used  are  set  within  this  program.  The  remaining  data 
required  is  information  concerning  the  flow  conditions  of  the  runs  being  analyzed. 

The  data  is  required  in  the  following  order* 

NJOB:  The  total  number  of  runs  to  be  processed. 

NCASES:  Not  used  in  this  particular  version  of  the  program. 

J:  Any  integer.  This  is  used  purely  to  ensure  that  a  read  error  will  be 

produced  should  the  data  cards  get  out  of  sequence. 

RRN:  The  number  assigned  to  the  particular  run. 

AAP:  Axial  position  of  primory  jet  with  respect  to  the  secondary  jet  (in 

inches). 

TTT1 :  Primary  jet  temperature  (°R) . 

TTT2;  Secondary  jet  temperature  (°R). 

PPR:  Pressure  ratio  across  the  primory  nozzle. 

AAR:  The  ratio  of  the  area  of  the  secondary  nozzle  to  the  area  of  the 

primory. 

WR:  The  static  pressure  (reservoir  pressure,  psig)  for  the  secondary  nozzle. 

Immediately  after  this  number  is  read  in,  it  is  used  in  conjunction 
with  the  data  in  Wl  to  calculate  the  ratio  of  the  secondary  nozzle 
velocity  to  the  primary  nozzle  velocity.  This  velocity  ratio  is  then 
stored  in  this  location. 


Wl:  The  static  pressure  (reservoir  pressure,  psig)  for  the  primary  nozzle. 

Immediately  after  this  information  is  read  in,  it  is  used  to  calculate 
the  exit  velocity  for  the  primary  nozzle.  This  velocity  is  then 
stored  in  this  location. 

RRMM:  The  mass  flow  through  the  secondary  nozzle  (Ibs/min). 

EEM1:  The  mass  flow  through  the  primary  nozzle  (Ibs/min). 

TTHR:  The  thrust  of  the  model  jet  (lbs). 

TT:  The  ambient  temperature  (°R). 

PP:  The  ambient  pressure  (inches  of  mercury), 

HH:  The  ambient  relative  humidity  (percent). 

CCF:  The  calibration  factor  relating  millivolt  output  of  the  octave  band 

analyses  to  sound  pressure  (dynes  per  cm2/millivolt). 

TTB:  The  angle  (in  degrees)  from  the  jet  exhaust  axis  at  which  the  total 

sound  power  integration  was  begun.  In  the  present  series  of  tests, 
this  was  constant  at  12.5  degrees. 

Further  data  is  then  required  for  subroutine  AQUIRE. 

Printing 

This  routine  prints  the  number  of  experimental  runs  to  be  processed,  followed  by  the 
invariant  data  set  within  the  program.  As  each  run  is  processed,  it  prints  out  the  data 
previously  read  in  (as  in  the  preceding  section) .  Additional  output  is  produced  by 
subroutines  STEP1,  STEP2,  STEP3,  STEP4  and  HEAD. 

Miscellaneous 

There  is  o  limit  of  200  on  the  total  number  of  experimental  runs  that  can  be  processed 
In  any  one  run  on  the  computer. 


C-2  Subroutine  AQUIRE 


Purpose 

Reads  in,  checks  and  converts  to  floating  point  form  the  sound  level  data  from  each 
experiment. 

Argument  List 

The  number  of  the  run  for  which  acoustic  data  is  sought. 


NR: 


VX:  Storage  for  the  acoustic  data  as  processed  by  this  subroutine. 

ISTOP:  This  is  set  equal  to  +1  if  an  error  is  found  in  the  data  (in  which  case 

the  controlling  program  A1901  does  not  attempt  to  process  the  data). 
Otherwise,  ISTOP  equals  zero. 


Common  Storage 

For  details,  see  Controlling  Program  A1901 . 

Method 

The  routine  searches  for  the  character  “L."  Having  found  one,  it  checks  to  see  if  the 
next  three  (3)  characters  from  the  run  number  NR.  This  process  is  continued  until  the 
correct  run  number  is  found.  The  following  thirty-six  (36)  characters  are  then  pro¬ 
cessed  in  groups  of  three  (3)  to  form  millivolt  values  corresponding  to  measured  sound 
pressure  levels.  It  searches  for  21  groups  of  such  data  and  processes  them. 

Data  Required 

This  routine  requires  2|  groups  of  forty  (40)  characters.  Each  group  should  begin  with 
the  character  "L."  The  next  3  characters  in  each  group  constitute  the  run  number. 

The  remaining  twelve  (12)  sets  of  3  characters  correspond  to  12  sound  pressure  level 
readings.  These  12  are  a  reference  level,  ten  (10)  octave  band  levels  (up  to  31 .5  kHz 
band)  and  the  overall  sound  pressure  level.  The  21  groups  of  40  characters  are  the 
sound  levels  at  5-degree  intervals,  starting  at  15  degrees  from  the  axis  of  the  jet. 

Miscellaneous 

There  are  three  (3)  error  stops  in  this  routine.  They  occur  if  (1)  there  is  too  much  data, 
(2)  there  is  too  little  data,  or  (3)  a  character  other  than  a  numeral  or  "L"  is  found.  In 
the  first  two  cases,  ISTOP  is  set  equal  to  unity,  in  the  second,  the  whole  computer- 
run  is  aborted. 


C-3  Subroutine  STEP1 


Purpose 


Converts  the  millivolt  sound  level  readings  to  decibel  readings  relative  to  0.0002 
dynes/cm2. 


Common  Storage 


See  Controlling  Program  A 1901 . 


Method 


The  data  obtained  by  subroutine  AQUIRE  is  converted  first  to  sound  pressure  in  dynes 
per  square  centimeter  (arrays  X  and  V)  and  then  to  sound  pressure  levels  re  2  x  10-4 
dynes  per  square  centimeter  (array  Y).  In  this  conversion,  the  following  correction 
factors  determined  from  the  instrumentation  checkout  (see  Section  3,2.2)  were  included. 


Octave  Band 

Center  Frequency  (kHz) 

0.5  1  2  4  8  16  31.5  Overall 

Correction 

The  reference  level  and  63  Hz,  125  Hz  and  250  Hz  octave  bands  are  ignored  since 
>hcy  <~re  not  relevant  to  this  experiment.  In  addition,  the  overall  level  is  calculated 
from  ine  sum  of  the  octave  band  levels.  This  value  replaces  the  experimentally- 
determined  value  which  will  not  be  correct  because  of  the  coupling  between  the 
spectrum  shape  and  the  correction  factors  given  in  the  above  table. 

Printing 

The  octave  band  and  overall  sound  pressure  levels  in  decibels  for  the  model  jet  are 
printed  for  twenty-one  (21)  angular  positions  ot  5-degre©  Intervals,  starting  15  degrees 
from  the  axis  of  the  jet  exhaust. 


C-4  Subroutine  STEP2 


Purpose 

To  determine  the  total  power  radiated  from  the  model  jet. 

Gammon  Storoge 

See  Controlling  Program  AJ901. 

Method 

The  radiated  sound  from  the  jet  is  assumed  to  be  cylindrically  symmetric  about  the  jet 
axis.  The  total  sound  power  (in  watts)  is  therefore  found  by  integrating  the  sound 
intensity  over  o  sphere  centered  on  the  jet  nozzle.  This  integration  is  carried  out 
both  for  overall  sound  power  radiated  and  for  the  power  in  the  octave  bands.  The 
power  level  is  then  determined  by  converting  to  decibels  relative  to  10” 13  watts. 


Finolly,  the  overall  sound  power  level  is  scaled  to  give  the  values  foe  full-scale 
engines  with  10,000  lbs,  20,000  lbs,  40,000  lbs  and  80,000  lbs  thrust. 

Printing 

The  overall  and  octave  band  sound  power  (in  watts)  and  sound  power  level  (in  dB 
relative  to  10“'3  watts)  are  printed  for  the  model  jet.  The  overall  sound  power  levels 
for  the  four  (4)  full-scale  jet  engines  are  listed. 


C-5  Subroutine  STEP3 


Purpose 

To  calculate  the  directivity  pattern  for  the  jet  noise. 

Ccmmon  Storage 

See  Controlling  Program  A 1901 . 

Method 

The  overall  and  octave  band  directivity  ore  calculated  based  on  the  definition  of 
directivity  os  the  difference  between  the  octuol  sound  pressure  level  and  the  sound 
pressure  level  that  would  pertain  If  the  total  sound  power  output  of  the  jet  were 
radiated  equally  in  oil  directions. 

Pri  nting 

The  overall  ond  octave  bond  directivity  indices  are  printed,  olong  with  on  indication 
of  the  noise  floor  for  that  particular  octave  band. 


C-6  Subroutine  STEP4 


Purpose 

To  calculate  the  jet  mechanical  power  and  acoustic  conversion  efficiency. 
Common  Storage 


See  Controlling  Program  A1901 . 


Method 


The  mechanical  power  is  defined  in  Section  3.3  ond  is  calculated  in  watts.  The 
acoustic  conversion  efficiency  is  the  ratio  of  the  total  acoustic  power  to  the  jet 
mechanical  power. 


C-?  Subroutine  STEPS 


Furpose 

To  calculate  the  sideline  overall  and  octave  bond  sound  pressure  levels  and  the  side¬ 
line  perceived  noise  levels. 

Common  Storage 

See  Controlling  Program  A 1901 , 

Method 

The  theoretical  basis  for  this  subroutine  is  given  in  Section  3.3.  The  four  (4)  extra 
octave  bonds  ore  added  in  this  routine,  assuming  o  constant  decrease  in  level  of  3  dB 
per  octave  above  the  31 .5  feH*  band.  The  routine  allows  for  attenuation  due  to  dis¬ 
tance  (inverse  square  low)  end  efmatphedc  ottemroflofi.  two  sideline  distances 
(500  feet  and  1500  feet)  and  four  full -scale  jet  thrusts  (10,000  lb?,  30, 000  lbs, 

40,000  lbs  and  80,000  ib-s)  are  considered.  The  positions  on  the  sideline*  correspond 
to  five-degree  angle  increments  storting  at  15  degrees  from  the  jet  axis.  The  attenu¬ 
ation  effects  ore  calculated  in  the  mein  port  of  this  routine,  Subroutine  OILER  is  used 
to  col cu! ate  the  perceived  noise  levels. 

Other  Routines  Used 

This  routine  coMs  subroutines  OILER,  HEAD  end  FLO;  2,  and  function  subroutine 
FCTION. 

Printing 

Subroutine  HEAD  pnnts  the  sideline  sound  level  infottnotion.  (For  further  detcili  see 
the  specification  for  subroutine  HEAD,) 


C-8  Subroutine  OLIER 


Purpose 

*—  ‘  **  ■' 1  «*■■— «■»  \ 

Calculates  the  sideline  perceived  noise  levels  (PNL  in  units  of  PNdB),  given  the  side¬ 
line  octave  band  sound  pressure  levels. 

Argument  list 

F  is  o  one-dimensional  array  giving  the  center  frequencies  of  the  octave  bands. 

1  r! R  is  the  thrust  of  the  model  jet. 

THRI  is  the  thrust  of  the  full-scale  engine. 

SI  is  the  two-dimensional  array  containing  the  sideline  octove  band  information. 

PN  is  the  array  which  contains  (on  exit  from  tire,  routine)  the  sideline  perceived  noise 
level  (PNdB). 

Common  Storage 

See  Controlling  Progress  A190I . 

Method 

Outlined  in  Society  of  Automotive  Engineers  "Definitions  and  Procedures  for 
Computing  the  Perceived  Noise  level  of  Aircraft  Noise,"  Aerospace  Recommended 
Practice  (ARP)  865,  dated  October  IS,  1964. 

Miscellaneous 

(1)  The  noy  curves  (tables)  exist  only  for  frequencies  In  the  range  50  Hz  <  f  < 
10,000  Hz,  The  routine  allows  for  lower  frequencies  by  extending  the  noy 
curves  as  a  constant  (independent  of  frequency)  below  50  Hz.  At  frequencies 
above  10,000  Hz,  tho  contribution  to  the  perceived  noise  is  assumed  to  be 
negligible. 

(2)  If  any  octave  band  sound  pressure  level  should  exceed  136.0  dB,  the  routine 
places  777. 0  PNdB  in  the  appropriate  place  in  the  PNdB  tcble. 


C-9  Subroutine  HEAD 


Purpose 

Prints  the  sideline  octave  band  and  overall  sound  pressure  levels  and  the  perceived 
noise  level. 


*}  w 


C-10 


Argument  List 

THR  is  the  thrust  of  the  model  jet. 

THRI  is  the  thrust  of  the  full-scale  jet. 

SL  is  a  two-dimensional  array  containing  the  octave  band  and  overall  sideline  sound 
pressure  levels. 

PN  is  a  one-dimensional  array  containing  the  sideline  perceived  noise  levels. 

AL  is  a  one-dimensional  array  listing  the  positions  along  the  sideline  at  which  the 
sound  levels,  et  cetera,  are  determined. 

Common  Storage 

See  Controlling  Program  A190I . 

Printing 

This  routine  prints  sideline  sound  pressure  level  and  perceived  noise  levels  at  twenty- 
one  (21)  positions  along  the  sideline.  These  positions  are  at  5-degree  intervals  from 
the  jet  axis,  starting  at  15  degrees  from  the  axis.  For  each  sideline  position,  the 
printing  consists  of: 

(1)  The  distance  in  feet  to  the  point  on  the  sideline  at  which  the  sound  levels  are 
calculated. 

(2)  The  perceived  noise  level  at  that  point.  The  first  value  is  obtained  by  including 
eleven  (11)  octave  bands  in  the  perceived  noise  level  calculation.  The  value 

in  parenthesis  is  the  value  obtained  without  using  the  top  four  (4)  octave  bands. 
These  are  the  bands  that  were  extrapolated  in  Subroutine  STEP5. 

(3)  The  overall  sound  pressure  level . 

(4)  Eleven  (1 1)  octave  band  sound  pressure  levels.  It  should  be  noted  that  the 
center  frequencies  of  these  octave  bands  will  vary  because  they  are  scaled  from 
the  model  frequencies  by  the  square  root  of  the  ratio  of  the  model  thrust  to  full- 
scale  thrust. 


C-'IO  Subroutine  PLOT2 


Purpose 

Plots  the  perceived  noise  level  on  the  1500-foot  sideline  for  full-scale  jet  engines 
with  thrusts  of  10,000  lbs,  20,000  lbs,  40,000  lbs  and  80,000  lbs. 


Argument  List 

X  is  the  distance  from  the  jet  to  the  point  on  the  1500-foot  sideline. 

Yl ,  Y2,  Y3  and  Y4  are  the  column  arrays  containing  the  perceived  noise  levels  for 
the  four  (4)  full-scale  jet  engines. 

RN  is  the  run  number  being  analyzed. 

Method 

The  four  (4)  sideline  perceived  noise  levels  are  plotted  and  labeled  appropriately. 

The  scales  are  not  marked  on  the  axes,  but  the  vertical  axis  has  a  range  of  perceived 
noise  levels  from  50  PNdB  to  130  PNdB  while  the  horizontal  axis  gives  distance  along 
the  sideline  in  the  range  -1000  feet  to  +6000  feet.  The  zero  point  on  this  axis  cor¬ 
responds  to  the  point  on  the  sideline  nearest  to  the  jet,  i„e.,  the  point  at  which  a 
line  from  the  jet,  at  right  angles  to  the  jet  axis,  intersects  the  sideline. 

Other  Routines  Used 

Subroutines  PLOT,  SYMBOL  and  NUMBER  were  used.  These  were  part  of  the 
FORTRAN  operating  system  on  which  this  complete  computer  program  was  run  and 
therefore  were  not  provided  as  separate  routines  with  the  program  card  deck.  Sub¬ 
routine  PLOT  is  the  routine  for  drawing  lines  and  moving  the  pen  and  subroutines 
SYMBOL  and  NUMBER  are  the  routines  for  writing  Hollerith  characters  and  numbers, 
respectively,  on  the  graph. 

Miscellaneous 

The  output  from  this  routine  was  plotted  off-line  on  a  CALCOMP  plotter. 


C-ll  Function  FCTION 


Purpose 

Used  in  computation  of  atmospheric  attenuation. 
Method 


Calculates  an  attenuation  factor  (rom  a  measured  attenuation  curve  as  outlined  in 
Section  5. 


Argument  List 

J  is  an  integer  indicating  the  frequency  being  considered. 
THRI  is  the  full-scale  jet  thrust. 

Gammon  Storage 


See  Controlling  Program  A190I. 


Intentional ly  Left  Blank 
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_ commOn/datb/  icn.pt.abd.ab) ,ab2 _ ; _ 

C0MM0N/DAI3/  RN, AP,TT1,TT2,PR.A«,VR,V1»RMM*EM1,T8R»T,P,H»cF»T8 

_ COMMON/DAT*/  RC.R*Vm,0T,T5(2) )  ,XR1,XR2,TBR1*T5P2,T5R3.T5M»,FM4) 

COMMON/OAT5/  N,Nl*NC*iM,V(13»2l)  ♦ D8NS,  INO 1 1 1 ) 

C  »»»♦» _ 

DIMENSION  8’JFF  ( 1 024 ) 

_ DIMENSION  03(1) _ 

EQUIVALENCE  (00(1) »RN) 

c  ***** 

COMMON  EM.EM2. V2tX(  12,21)  ,Y(  12.21 )  *A (21)  »W(n>.P«<(ll>  ,01(11,21) 

. .COMMON  CEtn  .SLU(.15,.21)  ,SLL2  (is. 21)  ,AL1  (21)  ,AL?(2i  ) _ 

COMMON  PNll (21) ,2N12(2l) ,PN13(2 1 ) »PNl4 (21 ) * P 91 < 21 ) . PN2 ( 21 > 

COMMON  PN21 (21) ,3N22(2n .PN23 121 ) >pN24(21) _ 

COMMON  SL11  (15.21)  »SH2(  15.21 )  .SL13(  15.21  )»SL1*(  15. 21) 

_ COMMON  SL21 (15.21) ,5122(15.21) ,SL23( 15.21 ) .SL2»( 15, 2D _ 

C  ***** 

_ DIMENSION  RRN(2qO) ,AAP (200) ,TTT1 (200) *TTT2(200) , PPR ( 2flQ ) >AAR(2D0i , 

IV VP (200) .V VI (200) »RRMM(200) .EEM1 (200) . TTHR ( 200) , TT ( 2oo) *PP<2flO),5H 

2(200) ,CCF (200) .TTfl (200) ,JJ (2q0) ,<K (273) .PDaNS(2oQ) _ 

EQUIVALENCE  (JJ(l).HH(l))«(KK(i).V(l)) 

c  **•»« 

DATA"'(ABOa0.i2>0?HTTTS'Sl5l.3382e6) ,  (AB2a-0.20  7U0) 

_ DATA  (<TH(I),I  =  l*21)sl5,0*20.0*25»0,30.0,35«0,4f),Oj45,0,3o»i)155,fi, 

100. 0»t>5.0»  70.0.75. 0.80.0. 85. 0*90 *0.95.0. 100.0.105.0*110.0.115,0) 

_ DATA  (RglO.66  7) , (VMal.2) , (QT8  0.273) , (RCs41,5) _ 

DATA  (Ns21) . (Nls2l) , (NCs2i) , <M=664) 

_ DATA  (ICHs8l).(Pl  =  3. 14)59265) _ 

DATA  (XR1=300.0) » (XR2=1500.0) 

_ OAT A  ( THR 1— 10000.0) » (TBRg  =  2r>0  00.0)  ,  (TH93s4000  0,n)  ♦  (THRAsBoOno.n) 

DATA  (IF (I). 1=1 .14) =63, 0.125, 0*250. 0.500. 0*1 000.0. 2000.0*4000.0* AO 
100. 0*16000.0,31500, 0.53000, 0,125000. 0.250000, 0*500000,0) 

OAT  A  ( (KK(I) *I  =  1*40)=4hTmIS,4H  TAP.45E  CO* *55 T A J , 45 MS  T,*HiE  R,4rE 
1SUL*»HTS  0.45F  J£*»HT  N0.4HISE_,4HEXRE,4HRIME*4rnT,  ,4MW3R<,*H  p=R 
2.4HF0RM.4HE0  U.4HNDER.4H  C0N,4rtTRAC,4HT  F0,459  TH*4HE  FA*4Ha,  =*4H 
3R03R.4MAM  *,4HRITT,4HEM  =*4hOR  T*4r|H£  C.4HDC.  *456600, 45.  FI.4HRST 
4  **HfE5t#4H  ON  .4H12/1 , 453/65*45,  ) 

_ DATA  ( (FF(I) *I  =  l*24)=5o,o *  63 . 0  *  Bo , Q . 1 QQ . o . 1 25. Q , j 6o . 0 , 20 0 , 0 ,?5n. n  « _ 

1315, 0*400.0.500.0*630. 0*900. 0*1000,0* 1250.0. 1600.0, 2000. 0,2500.0.3 

_ 1150.0,4000.0.5000.0,6300.0,80  00.0*1 0000,0) _ _ 

OAT A  ( (Ml (1) *1  =  1* 24)=0, 043478* 0.04057* 2 (0.03633D  ,0.035336*2(0,033 
1333) ,0.032051,0.030675,6(0.030103) *7(0,02996) *2(0,042295) ) 

DATA  ( (LI (I) *1  =  1*247  =  64, 0*60,0*56, 0*53,0*51,0*^8, 0**6, 0**4. 0,42,0, 
15(40,0) ,38. 0.34.0*32. 0*30.0. 2(29.0) ,30.0.31.0*37.0.41 .0) 

CT'tTTTi.C  (1 ) .  I  =TT24 )  a 9)  ,01 « 8 5TWT07, 32,79,35,  79,  r^7T5 , 96*73,96, iTi 

191  *94 .63,13(0.0)  ,44,29*50,72) _ _ 

DATA  ( (M2tl) *1  =  1*24) si 5(0. 030 103) *9(0.029960)1 

_ DATA  ((L2(I)*I=H24)s52, Q,5l, 0*49, 0,47, 0,46, 0,45, Q,43, Q,42,o.41.n, 

15(40,0) , 33* 0,-i4, 0*32, 0*30, 0.2 (29.0) ,30.0,31,0*34,0,37,0) 

C  •»*** 

(TTmeNSIOIm  OUTI.AB  (483)  *  OUTBLA  ( 29»9)  ! 

EQUIVALENCE (OUTLAB(l) ,FF(1) ) 

EwJ  I  VALENCE  ( AP »  J  AP )  ,  |ITT?,TT?)  ,  (IAR,AR)  ,  ( I V  R ,  vTTTTTTmmTRM'm) 

_ CALL  PLOTS<3UFF.l624,7) _ 


C-I5 


CALL  PLOT (0*0,0.s*-3) 
READ  (60.1) 


1  FORMAT  (215) 

WRITE  (61*600) 


600  FORMAT  (lMl) 

WRITE  (61*2)  NJ03 


2  FORMAT  (10**34HA'JAlySIS  OF  JET  NOISE  EXPERIMENTS. /!0X.33(lH-)///l0 

) 


IF  (NJOB.6T.200)  3*4 
STOP 


4  WRITE  (61*5)  (00(1) , 1*17*20) 

5 


3ICR0PH0NE  Si*EEP  VEL0ClTT.35X.2Ms  ,Fl0.4/10X.33HrIME  BETWEEN  sEOJEN 
4TI Al  PRINTOJTS.pTX.ZH* 


WRITE  (61*0)  (OD(I). 1342,47) 


1MD  SIDE-LINE  DIST ANC£*35X»2Hs  *F10.4/10X,34HFIRsT  TMR'JST  REFERENCE 


3LlNG.25X.2rls  ,Fl0.4/10X,34HTMlR0  THRJST  REFERENCE  FOR  SCAlIN0*26x* 


ruUi  |j|irvT4iiLncFli]jinJlM.Bl«l:«lKiflLH4<<4fH«2<cvii(:t!liicvXT.fT4:nvi4l 


5.4////) 


lilllVM 


7  FORMAT  (10X.54HAN00LAR  POSITIONS  OF  MICROPHONE  TO  JET  STREAM  (TH£T 
!..//  7X.21F6.1////1 


WRITE  (61.3)  (F ( I ) •1*4*10) 


17F9.1/1H1) 

DO  10  Isl.NjOB 


REAO  (60*111)  J.RRN(I) 
FORMAT  (T5«F19.ft) 


REAO  (60*9)  AAP(I)*TTTl(I).TTT2(I)*PPR(I).AAR(I).VVR(I).VVl(i).RRM 
Min 


9  FORMAT  (8F10.0) 

READ  ( 60  *  2  3 ) EEM1  ( 1 1 ,  TTHR  ( I ) , TT ( 1 ) *PP ( I ) *HH ( I) .CcF (I) ,TT9(T) 


29  FORMAT  (7F10.0) 


MlKItUilja 


00  16  Isl.NjOB 
RNSRRN { II  _ 


401  VU(WKI)  ♦  14,6)/  ( VVR  ( I )  ♦  14,6) 
PR»V 


M (I)SV1 


400  CONTINUE 

PRspPR  ( I ) 


Vls(VVKl)  ♦  14,61/14.6 
ONTIM 


VR« (VVR ( I )  ♦  14,61/14.6 
_ Yl»  (5.  0  »  ( V  1 »»  0 , 2  35  7 1  -  I,0))»« 


VR«(5.0*(VR**0.2357l  -  i.0))**0.5 
lllls  TTrim/(l.n  ♦  (</!••») /5.0) 


VVR ( l) s  TTT2(I)/(1,0  ♦  (VR**2)/5.0) 
(1)31120. 0*  <W1  ( I) /52Q.0) »*0.5 


VVR(I)3U20,0#(WR(i)/520.0)**0.s 
tsvUWt  (11 _ 


■  1 


IFIAAPtl) .OE.-0.5)  403*406 
(  T> 


60  TO  407 


LM.JiIiCOat.L'1 


TrtR=(Wl  (I)*EEM1  (I)  ♦  VVR<I)*HRMW(I) )/<6Q. 0*32.2) 


THE  NOZZLE  VELOCITIES  ARE  CAuCJLATEO  FROM  THE  MEASURED  PRESSURE 
TATtOS  ARP  Starr*  tfupfpa tub, S.  wItm  JcT»»rrt^  aor 


CALCULATED  SECONDARY  VELOCITY  hill  8E  WRONG  if  the  primary 


COPLANER  NOZZLES  AND  EXTENDED  PRIMARY, ThRJST  iS  CALCULATED 


RR  MM ( I ) sRHMm ( I ) /SEMI ( I ) 
Mi  in 


EMlsEEMl (I) 
(I) 


P»PP(I) 


CF  =  CCF { I ) 


DBNSs(CCF(I) /0. 0 63246) **?.0 
0BNS  =  ‘j5.6  ♦  10.0*A 


DQ3NS ( I ) sOBvS 


ltlllir4lalniTr4.'mil 


»5  IAP=ITT2sIARstVRaIRMMsiOH 

G 


»0  ENCODE (8, 9H0,AP) AAP ( I > 

ao,TT2)TTT2(I) 


ENCODE (8,980, AH) AAR ( I ) 
NCOQE  (8,930,VR) VVR(I) 


ENCODE  ( 8 , 980 , RMM)  RRMW(i) 
90  FORMAT  (F8.3! 


IPRIMARY  W HI.  SECON0ARY  ( I  NS. ) , 1 3X , 2h»  ,A8  / 1  Ox , 23HPR I  MARY  tEM’ER 

2ATJRE  (R)  ,  37  X , 2Ha  ,  Fd, j/ 1 QX , 25HSEC0 NU ARY  TEMPERATURE  (R){_35X»2H* 

3,  Ad  /l  0X» 22HPRI.MARY  PRESSURE  RAT  10 , 38x728=  ,  fB.3/ToX, IOHARE  a'rA 
4TI0,S0X,2Hj  ,A8  / 1  0  X  *  1 4MVFL0CI  T Y  RAT  I0,46x, 2Ha  ,A9  /1oX,?SHPRI 

SMARy  VELOCITY  (FT/SECI ,35X,2HP  ,  F8,3) 

_ WRITE  (61*121  (00(11  tla^tlSl _ _ _ 

12  FORMAT  ( 1  OX ,  1 5H.M ASS  FLOW  RAT  10, 45X , 2H=  ,  A8  / 1 cX , 29HPR I MAR>  MAS$ 

IFlOw  (LB/SEC)  ,3U,2Ha  ,  FR. 3/1  OX , 1 2MTHRDS T  (i  8S)  ,4AX,2h«  ,  rfl.3 
2/10X,29HENVIRONMtNTAL  TEMPERATURE  (R)»3U,2M»  ,  F9, 3/foX»36HENVlRO 

3N  MENTAL  PHE  5SURE  1IM.H3)  ,3qx.2Hb  ,  F8 ,3/1  p.X_L  3  JMr  N  VJ  R  0  N  M  E  N  T  A IH  J  Mr  D _ 

41  TY  (PER  CENT)  ,2fX,2R*  ,  F8. 3/ 1  OX, 35HC ALIBRAT75n  FACTOR  <mY  TO  0y> 

5  SO  CM)  > ?QX  t  ;h  a  ,  Ffl  .3) _ _ _ _ _ 

WHITE  (XltV/T)  O^NS' 

FORMAT  LL'IX  32h(NSTRUMENTATlON  NOISE  FLOOR  (03)  ♦  28X  ?M*  , 

1  F8.3,  /  /  /  /  4  5  X  4  3  (  1  H“  )  ,  ////)  ■" 

IF ( T  T  T  2 ( I ) )  36,4  0,35 


35  VH=VVH(I) 
HMMaRMMM ( t ) 


C-17 


HuKOIikAbkUPI 


15  CALL  AOUIWE  (NRN*V,IST0P) 
K  <  I ST0P.E3, 


777  CONTINUE 


ISIWUUI 


CALL  STEP2 


ItlIWuj 


call  STEP4 


aggnss 

EEmMICflrnn! 


WRITE  (61*17) 
t 


STOP 

ENO 


0  OF  H> 


Subroutine  aquire_(nR*  vXjJSTop 


01  MENS  I  ON  7(13*22) «II (SO) *VX(13*21) 
MmON 


iSTOPaO 


2  READ  (60*3)  (IKI)  ,Isl,8Q) 

IflORU 


ICHbI 

•IKICHI  _ 


ICHalCH*! 

<t.FQ.lHL)~ 


IP  (ICH.GT.aO)  6*7 


ICBb  1 

c  NX *10* 


8  ICHeICh*! 

(NX.EO.NR) 


9  If  (MK.EQ.l)  1*10 


30  WRITE (61.990)  MM 
196  FORMAT  ( 1 hO  «  1 


32  ISTOPol 
GO 


iwtn 


33  CONTINUE 


36 

RETURN 

34 

lUrjW  imiWI  II  i  i— ————————— 

35 

WRITE  (61*997)  *'•« 

997 

OO  TO  32 

37 

JS«2  ______ 

.  . . . . _ 

996 

FOHmAT  (2X.v8HBE'<ARE.  THERE  ARE  22  PIECES  OF  DATA  19  THIS  R|JN*  ) 

GO  TO  32  .  _ . _ . 

c* 

c 

THE  ABOVE  THREE  CARDS  SHOJLD  flE  REPLACED  BY  THE  STATEMENT *»3o  TD  -*fl 

c 

IF  THE  OPTION  OF  PROCESSING  22  PIECES  OF  DAT  a  per  rjn  jS  REDJlREO, 

»#«««»«# 

16 

KI**I*1 

■2e>  V(M.KJ)  =  Q.b 
QO  TO  ?B _ 


27  V<<I*KU>=FL3AT(NX) 
NX«Q _ j  Mfl=2.  .  , 


00  25  Jsl |3 

17  IF  (ICR,GTtflO)  10*19  . 

IB  READ  (60.3)  (II  (I)  *lel»80> 

ICctal 

19  I-IKICH) 

ICrtoICH*l  .  . 

IFU.tQ.  l«Db5.23 

55  KJ°K J* 1  . 

00  TO  5 

24  NX«NX»10*I-27 

GO  TO  16 

22  FORMAT  t 1 QX.27HI MPUT  ERROR  IN  SUBR.  AQJIRE) 

ENQ 


■}  fi  0 


C— 19 


REAL  Ml *M2*I_1 *L2*lC 


■H*jLut]2Uii:i  m  wm  urun:  liriirin  rzwv*«riifi :  r4riin  timi 


C0MM0N/0AT2/  JCH.P I , ABO ♦ AB1 . AB2 


:  h’  flt/l  If  n  m  rxi  U:n:ul 


injn;Li:n4Li(iA.Lnn*JinriJii:i 


COMMON/DATA/  RC»RiVM«0T,TH<21 ) «XR1.XR2.THR1 tTHR2.THR3trH-<A*F(lA) 


COMMON  EM«EM2* V2*X  (l2*21)*Y(l2*21)  «  A  ( 21 )  *  W  1 11 )  t  »«l  ( 1 1 )  ,  OH  H  »2l ) 


H**CTCWj«W 


/  1  1  <  I  t  1  1  1 


COMMON  PNll (21) .PN12(21) ,PN13(21J  ♦Rm1A(21)  »PM1 (21) *PN2«21) 


HO  -J7F] 


COMMON  SLU  (15*21)  ♦Sl12(15*21)  .Stl3(15t21)  tSHA(15t21) 


IMWu  ISU  i<7MKl  fW  CVrlin.1l 


00  200  J»1 *21 

Hit.  It  -A  C 


V  (4*  J) »0.5 


HiM'imun 

wm 


DO  100  Is2* 13 
1  *N 


V ( I  * J) «V ( I  * J) #CF 


DO  1  I >1 «Nl 

KlT 


X(1*K)=V(2*I) 

Y(l*K)cAi  O' 

00  1  J=3, 1 J 


VVliYLUVjtlliSMfUiVMJICLfVUlintUintl 


X(U*K)»V(J*1) 


2S0H2 


2000M2 

z 


boooma 

fcOOOMZ 


31500HZ 


♦1.S0H. 
♦  1  ■ 03fl. 


♦2. 0 )B, 
♦3. 030. 


♦*. son. 


Y(  6*I3)aY( 
Yt  3* 1 3) bY  t 
(  fl. 1 3 ) aY ( 


Y (  <),I3)bY( 

JUJLlLiI3l2l< 

YdiTPTrrr 

V(  7. 13)  = 

Y (  e»t3)  c 
V(  «T*  1 3 )  a 
Vllu.l 3)  a 
Vlil.13)  a 
V  1 12. t  3)  a 
V(13,T3)  ■ 

N 


LAjIILjl 

:  r,i3)  ♦ 

)  ♦ 


I  9*13)  ♦ 

M-t. 

fli.137  * 
U.?jJ  3 
XI  6, 1 J) 
XI  7*13) 
~X(  a.ll) 
X(  9.13) 

TtTodJT 

X  ( 1 1 .  I  3)_ 
~X  ( 1 2  r  iT  ) 


sJJ - . _ 

Xt  6*I3)*(lO.O**(0,b7Fo.O)  ) 
_x (  T*n)«tn.o**ii.s / 2 o.Q) ) 
X(  0* 13) •( 10. 0*« (1,6/20.0)) 
X(  9*  1 3)  •  ( 1_0  , 1  ••  (_2j,0/2_0. 0_)J 
X  ( 1  0 *  I  3 )  •  i  1  0  O  *•  (  3 . 0/20, 01  )“ 
X(|l.  LI )  «(10.0  •  •  ( A  ^S/2  0 . 0^1 
X(  12. 13)  *(10. 3 ••  tfc.O/clQiO I  )" 


Y(12»I!«10.0*AL0010(SUM) 

9  CONTINUE _ 

WHITE  <61»2) 

2  FORMAT  (10<>17HEXPE9tMENTAL  DATA  /I 0 X » 79HTA3LE  SHOWING  OCtAVF  3AV1D 
•  AND  OVERALL  SOUND  PRESSJRE  LEVEL  VARIATION  WITw  AH3LE  ///) 

WRITE  (61.12)  <F(I).Ia4tlO) _ 

12  FORMAT  (6XtSHANGLE,l7A,A5H0CTAVE  3A\)D  SOJnO  PRESSJRE 
1EVELS  « 1 TX t AHOVER  /6X»?H(0EG)i  5X>7(Fb.Q,AXl taX,3HALL  /) 

DO  3  I-l »NC 

_ j°J _ 

WRITE  (61**)  THU)  » <Y  (K,  J  )  ,K«5*  12) 

4  FORMAT  (BXiFb.l,  5X.Y<F6.1 .»X) >2X>F6«1) _ 

3  CONTINUE 

WRITE  <M»S) _ _ _ 

"5  format'- T/77/77) ' 

PQ  6  J*lt* _ 

XX»V  t2»J) 

v<e»ji«vti3»j) _ 

V(l3tJ)«xx 

6  COVTINOE _ 

odTj^TT^I 

XX»X{1.J) _ 

XTH  jT«x  ( 1 2Vj  I 

,.,._y.i!.?.i.ji«xx _ 

XX«Y  ( 1  «<J) 

_ tLLJJL«Y.tJ.giJ.» _ __ 

YU2.j)«XX 

_ _ 

return 

ENO _ 


U]2 


C-21 


S£4t.  Mi ,M2*  Ll »L2*LC 

FFjg»LLlU2ii  ,L1  (2») ,LCT24)  ,M2(2»)  ,L 2(24> _ 

COMMON/oaTZ/  ICH,Ri,A8o*A31,AB2 

.  £QMMQllgQAl3/-JjLii  APjLLLL,  U2a  p3,AR,yRtyi,RMH,£Ml,THR«T.P«M,f*FTTB 
COMmON/DAT*/  3C.RtV'M,0T,TH(2i !  ,  XM1 ,  XR2,  THR1  .  T  MM2.  TMR3,  TH-U.  f  ( 1  4) 
-CQMMQ.N/13AT5/  NtNl,NC,M«Vfi3»?l) _ _ _ 

COMMON  EM*tM2,v2»A(l2,2i),V(i2»2l)  4A(2i),«Mil) 

-CO  jMQN  .  CE  ( 1 )  .3LLUIS.21)  ,SLL?(lS,21i  ,AH  >21)  ,Al?{2h _ 

COMMON  PNii (21) ,?Ni2(2l) ,3N2 )  i 2) ) , pN14 (21 ) »PM1 < 21 ) , pN2 ( 21 ) 

-CQMMQn  PN21  (.21)  ,3N??(2n  ,RN2T  LSI.)  »?N24(2 1  j _ 

COMMON  SLI1  (li. 21). SU2 1 15,21 )  .Stl3  (15,21), SLjA  (15,21) 


RCS»SC»29. 92/3»s33T ( T/519.0) 
,Tg=.12,5*PI/lBi).n 


/  Su23 ( 15,21) , Sl24  f 15, 21 ) 


DO  1  ial,f(C 
_ _ 11*11- 


T2  ■  (TH(I,  ♦2.5) »P1/180, 
A(l)aPI»2,Q*R»9*(C0S  (Tll-COS  (T2)l 


1  CONTINUE 
W  ( 1 ) »Q t Q 


DoH_jas,ii 


00  2  3«1,NC 

w(j)»M(j)«x(j,n«x(j.n#Ain 

2  CONTINUE 


M(J)»w(j)«929<Q3f.?/RCS 


W  1 1 ) «M{ 1 ) «M ( J) 

PW(H»AuOQiM  (MU))  *10, 0,130.0 


"y'COMTINUE 

- ».«( P.M<5 )  / 1  o ,  o  I ,  i  o .  0  ♦  « ( !» M  ( A )  / 1 0 .  n ) ,  )o.g„,p^ , 

17)/10»Q),10.0**(s>M(9)/10.0),lO,0**(PMt9)/10.0)*lO,0**(pM(lO)/10,o) 

— 209  JlfLliPiJLUllLOilLLl . . 

ufc'ltf  Ul  .Alt  “**  T'rr'r  . 


wKlte  (61, *5) 

A5  FORMAT  ( 1 h) ///Si M  ACOUSTIC  POWER  *M0  SOUMO  POM£o  LEVEL  FOR  MODEL  j 
•Et  j 


A  FUMmA  U//il ,  9HFm£QUE  MC V  ,  OX  «  12 M>OMe«'t  MATTs  )  ,  6 *  ,  I'jMPOi caTtv  EuM)7j - 

_ WRITE  (61,6)  M()).MM(1) 

(TWrha  T  ( 6* ,  7HOMEMALL  ,  0x7512. 5«?K,f7,l/i  - - 

PO  10  1»5»H . . . . 

WRITE  (61,8)  F ( Jl , M | 1) ,PM( I ) 

10  CONTINUE  - - - - 

a  FORMAT  (T»,F6.p,aAfE12t5,TK,FT..l| 

■RITE  itlTToOi  — —  ‘  ‘ - - 

ils_ 4JL  <///**«  OVERALL  S3UN0  POWER  UVCL.SCAlEO  FOR  T>jRjSt//tX.6,iT 

•HRUsT  ,  6X ,  1  5mPO«‘E  3  UVtCbOT  )  -  - 

WI2}B>,W(1)  »  lO«ALORlO  ( T MR1  /TmR) 

WRITE  (61,1011  *T1«i,«ijj  ~  '  "  ~~~  — - - * - 

..  .  W(2)«Rw  1 1 )  «  1Q*»EOOIO  (T-»»2/tmR) 

WRITE  I61,IoT)  TMR?TmT2)  — — - — “ 

- >J.?.L^gw ( 1  i  *  l.o.pflOOl 0 1 TMRj/THR)  _ 

WRITE  (6)71011  TMH3,M(?)  *“ — - 

.  _  W(2)bpm(1)  .  10»»LOP10(TMR,/TMR) 

WRITE  (61,  lull  T-,»V,M(2)  - - - 

1Q1  FORMAT  ( TA, p6, 0 , 8* ,F 7,  l  )  _ _ _ _ 

WRITE  (61*7)  '  ~~  “ 

_ U-Q  li\kL-Xi/MUl} _ _ 

RETURN  ~ 


EnO 


1 


C-22 


SEAL  Ml.M2*Ll*t,2«LC 

C(HnON/OATl/  Ff  (2»)  ,Wl|g4)  tL(  (2*1  »LC(2M  **2i2»UL2(24> _ 

C<HhOn/OATj!/  ICH*Si,Ario»Adl,Ad2 

CO^iaa^QAliZ  SVtA>)tTTltTr?.pq,AStV>iW4  .tN*.£Hl.THS.r.p.-4.cr.TB 
CtHMON/OAT1*/  RC.S*VM,Or»THJHD  »*SliA^a,THSl.T'«;»a«Tm3,T»*S4*f  {1A) 
.CP*MQttZl>AL5/-tt>Nl  »NC.«l».tt  U3»?U  LajtSii  iSUU. 


.vv  an _ auujuumi  i  uiaxt/imuAJiaJUU _ _ _ _ _ „ _ _ 

COMMON  EMtEna, V2**t  12.21 )  ,t  U2.21)  «A(2ii  #a«ll )  .31 

COHHQN  .CLUl.iSLLlllSi.^ll.iSLL?.HS.i.211  _ _ 

COMMON  PN1K21)  ♦•>^12(2i)  »PN13t21)  »PNl4t21>  tS^ifSiHS^atai) 

tUmQfi-PNai  1 2  U  1**22.  L2S  U£M?.2jUU4g-H2.1.l2JJ _ _ _ 

COMMON  SLll  tlS*2l).SH2(l5.2l)*$LU(lS.21)  *Sl1*{15.21> 
CQAHQ?l,5L2111ii2lli5L£2ll5.2U  .  sL23J.lS*21i  i£l£H15i2)i _ 


DIMENSION  iSLLi(£09l 
R9J1V.ALCNCE  tlSu.li.H»SLL.Hin 


COVaALOGlO tSl*2o. 0*10*6 

g.9.1  J-llU. 


CC*P«(I> 

_ 


oi  <i*ji»Y<i,j)-c^*C0'j 

A  CQ'iriNUC 


WRITE  1 6 1 • 2) 

-I .. f.  UlaJU,^9HT  A3jJU  jaLJUgESTX  !<  1 T  t  lHU£U.^Jlk*ZZJJ&LXU/Uik. 

1.6MTHETA.,  3*  ?H3veftALL.4X.6M500  H* ,  s*.5«l  <H2,  5*. 5*2  *H2.  St.jH 

_ . «h2»  ,3»»6131*S.M2»  t.l . . . 

00  3  J«1.NC 

- ■  - t»oae  Ei l o . » .isLkii. _ mi n * j t »i«i»  m . . . , . 

a  format  tiitrt.a,  *»n 


JL«  J _ 

wsmc 


(61*5) 


coVt  inut' 


TH(«i,ISLU  (11  *(!fLUU>.J«Si1 
L) _ _ _ 


l) 


~___C.2...£iLJj?JLi  J  L*™ — . _ _ — m . . . 

p«n  n  =oaNS«pw  u  i  *cor 

JUJCPMJgut. . . .  ...  _ _ _ _ _ 

WRITE  (61*211  Pwfl).(Pw(H.|«S»lU 

ILJQmL. .UJL£t%!jL&!L  J^JL»t£(>.yAt^jL^S£.  .&OVflI.^L._ir.  mAT  ^E  L£Ss 
*TH*n  these  values  ,//l5«.8(ri0.21  > 

RETURN 

EHO  *  "  ' 


f 

* 


C-23 


SUBROUTINE  STEPS _ 

REAL  HI «H2*L1 tL2*LC 

CJMmQN/PATI/  FF  ( )  t MI  ( g4 )  ti. i  (24) ,LC(24) »M2(24) «L2(24) _ 

COHMON/0AT2/  ICH»Pl,AU0*Aai,AB2 

C0MMQ|'I/0AT3/  RN.AP.TTI  .TTP.PR.AR.VR.i/l  «RMMt  EMI  *  THRt  T.P.  R<  CF.rB 
COMmON/DATV  RC»R»V-(«DY»TH(21)  »XRl»XR2»THRlt  14*2* TrtR3, TRR4»F ( 1 4) 

....CQUmPCI/DAIS/  Jtt»MbtNC»M«V-lia«gU _ ' _ 

COMMON  EM.Emh,V2*X<12,2U ,Y(l2t21) *A(21) ♦Will) »Prf(ll) ,01 (llf2l) 

■.-COJ3tiON-C£iU  »-SLU.(15i8lIj.Sl.Lg.(iStgHtALl.t?H.»Au2|gH _ 

COMMON  PNI1  (21)  »fN!2(2l)  ,Pn13(21)  #PnI4 (21 )  ,P Nil  ( 21 )  «PN2 <  21 ) 

COMMON  PN21 (21)  «  PN22 (21  ) « PN23  (21 )  t PN24 (21 ) _ _ 

COMMON  SLll  (l3»2l)  «SU2(15»21>  *SH3 ( 15*21 )  »SL14(  15* 21 ) 

...  C0JJM9li.SL2ia-aj2ll.tSL22(15«2I)  iSL23.(  15*21)  tSL2»  (la*!! ) _ 

DO  3  IsJ.NC 

ALI(1)=XR1/SIN  (THtI  )*°I/lflO«Q) _ 

AU2(I)=XR2/SIN  (TH(I  )*3X/1SO.O! 

WZUALOGIOULH  I  )/R  1*20.0 _ _ _ 

WZ2=AL0610 ( AL2 ( I ) /R) *20. 0 

.  .P<U...j5lxU _ _ _ _ _ _ _ 

SULr(J«I)=T(jtI>-WZI 

_SEl£(.Jj.Il=_r  Ull)-Z.Ua _ _ _ 

1  CONTINUE 

.....DCL.4  ..tlrl  i/i _ 

-..UZrJUP  _ 

SLLl<Jl*I)«SLll<v‘2*I)-3,0 

.  .  SU2(Ul*l)*SLL2(J2,l)-3.Q _ 

4  CONTINUE 

SS11«SS 12gSS13aSSHgSS21gSS22cSS23BSS2»cQ.O _ 

WZlrALl *  I  * /I  000.0 

WZ£yA(,2  ( I )  Xl  Q00. 0 _ 

00  2  J=2,15 

_AU£a  .1 Q. .  *  *  PC 1 1 0..NJ.  J  «..IH  R  l ) _ _ _ 

ST  a  10.*ALDG10(THR1/THR! 

SLU (J»I)sSLLl(J*I>-ALr»rfZl  *SF _ 

$L2l { J* I ) 3SLL2  t J* I ) «ALF*AZ2  *SF 

ALE  =  lQ.»»FC TIQNtJ, THR2) _ 

SF  c  10.*AIOU10 ( THR2/THR) 

SL12 ( J* I )  °SLLI  ( J*  I )  -AlF<M21  *SF _ 

SL22 ( J* I ) s5UL2 ( J* I ) - ALF*rfZ2  +  SF 

ALF  =  1Q.»«FCTI0N(J*THR3) _ 

SF  s  10.*AUOUlO ( THR3/THR) 

SL13 ( J* I ) =^LL1 (J«I)-ALP*dZl  *SF _ 

SL23(J*I)=SLL21J»I)-ALF**!Z2  *SF 

ALF  =  10.«*FCTIQN(JtTHR4) _ 

SF  8  10»*AL0010< IHR4/THR) 

SU4(J«I)sSLLl  (J»1)-ALF»<IZ1  *SF _ 

SU24(J»I)=SLL2(JtI)-ALF*</Z2  *3F 

ssiirssntio.a*»(sui(j.i)»o.n _ 

SS12=SS12*l0.0**(SL12(JiI)*0.1) 

SS13aSS13<l0«0(*o  ( SL 1  3  (  J»t)  *0.1) _ 

SS148SS14+10.0**(SL14( 

SS2lsSS2]»lQ.0»»(SL2nu»t)»0.n _ 

SS22=SS22»1i).0»*("SL22(J*I)*0,1) 

_ SSZjeSSg 34lQ.Q»»(SL23(Jt  t)»o.l) _ 

SS24sSS24+l0.0** (SU241 J* I) *0.1 ) 

ALF  a  10.««FCT10M1J,THR) _ 
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SLU1(J*I)  s  SLLl ( J» I )  -  4LF«wZ1 
I  J.  I)  S  SLL? ( J. TJ  - 


rrr 


SUBROUTINE  PILES  ( F * THR * THR I , SL , PN ) _ 

REAL  Ml*M2*Ll*L2«LC*LCC 

COMMON/DAT  1/  FF  <  24 ) .HI (24) *L1  124)*LC(24)*H2t24i.L2(24) 
DIMENSION  F  ( 1 ) . SI ( 15* 1 ) *aN ( 1) 

DO  S  1=1*21 _ 

DO  100  J*2*15 

IF(SL<J*I)*3T*13&<0 ! — lQlil OQ _ 

101  PN(l)a777.7 

60  TO  5 _ 

100  CONTINUE 

XMAXsSMAXsQ.O _ 

DO  4  J»2,15 

FREqsF(J~1)*S0RT(THR/,NRI) _ 

IF (FREQ.GE* 10000*0) 4*26 

26  IFIFREQ.L'T. 50. 0)27*6 _ 

2  AWaAM*  (Si.  (J,  I)-AL0) 

Aria  1 Q  , Q»»A4 _ 

SMAXsSMAX* Am 

IF (AX.6T.XMAX)  3*14 _ 

3  XMAXaAW 

14  IF(u.EO.ll)  30*31 _ 

30  AW=XMAX*0.3*(SMAX-XM4X) 

SL (2* 1 1=40.0*33.  1»AL0010(AX) _ 

31  CONTINUE 

4  CONTINUE _ 

AW»XMAX*0.3*(SMAX-XMAX) 

PN (I)=4Q.Q  +  33«3»AlOG10(AX) _ 

5  CONTINUE 

RETURN _ 

27  FREQ=52.0 

6  DO  7  n=1 *  24 _ 

IF  (FHEO.OT.FF (K> )  7*0 

. I  £.QiUNkLE _ 

STOP 

8  K1«K-1 _ 

K2=K 


F2=FF(K2) 

_ IicLC(?<Ji) _ 

Y2=LC(K2) 

LCCsYl ♦ (Y2"Y1 ) * (FREQ-Fi ) / (F2-F1 ) _ 

IF  (SL(J,I>.6E.LCC)  9*lo 
9  AMaMg(Kl)*<M2(K2)-M2(Kn)»tFREQ»Fl)/(F2-ri) 
AL0sU2(K1)*(l2(K2)-l2(K1))*(FRE(1-F1)/(F2-F1) 

„ .QQ-IQ.J _ 

10  AMOMI (Kl! ♦(Ml(KZ)-Ml (Kl ) ) * (FREQ-F1 ) / (F2-F1 ) 
ALOaLl  <  K 1  )*(L1(K2)»l1(X1)  )  <>(  FREQ-F 1 )  /  ( F2«F  1 ) 

,£N1 _ 


6 

2; 


» 


SUBROUTINE  HEAP  ( THftt THRT « SL ,PM« AL) _ 

DIMENSION  Al.(l)  ♦PNU)  ♦SL(I5«1>*FM(14) 

MAU-iiLiMllJL  tU.?.kC _ _ _ 

C0MM0N/DAT3/  RN 

C0MM0N/QAT4/  BC,*»VMtOT,TH(21),XRltXR2.THRl,HR2,THR3.THR4.Ff 
DO  10  J«i*H 

F.H  ( J)  eF  ( j)  *SQRT  1 THR/THRI ) _ 

10  CONTINUE 

WHITE  (61.1)  RN.THR.THRI _ 

1  FORMAT  (6  (/)  1 H 1  *  1  OX  10HRUN  NUM3ER»  F10.0*  ♦•<✓) 

-  *  J  a  \  _15MMfl  B&L  -I H S&L-2 _ «  F10.3.  5X _ _ _ 20Hf.Ju.L-SCAi.E-T. 

1HRJST  e  ,  FlQ.3«///  5X  2HL.«  7X  5HPND3# «  5X*5H0ASPL, 1 2X  45hoCT4vE 

.  2  9anp . souno  pressure  levels  j _ 

WRITE (61 ♦ 7)  (FM(I) »I*4,14) 

7  FORMAT  (29X,11(F8.1)/) _ 

DO  2  la  1 • 21 

WHITE  (61.6)  AL(I)>PN(IUSL(g»I)>SL(l,l>t(SL(J»l)>J»S,15> _ 

2  CONTINUE 

. qx  tfixUf  ?..t  i.a.4.1  ifai.Lmit£  nirim.  >.  1 _ 

RETURN 

ENO _ _ 


REAL  M1,M2*L1iL2»LC 


pxKBcnfti  r«i  iH:rw«T.viinv-irf  i 


COMMON/UAT3/  RN.  AP, TT l . TT2 tPR« AR» VR, VI »RMM»E*U  • THRf Ttp# H»C' »TB 


i:  •nn'iiniiniiiMin.cm.cm 


ICCrJll.Uxfll.CL' 


FREQ  a  F<J-1)*SQHT(THH/THRI)#.001 
( F  RFQ  > 


FCT10N  «  A80*XZ*(AB1*A92*XZ) 


w«nww;  wro 


-  SUBHOUTiNE  »L0T2  (X«  Yl.  Y2.  Y3.Y4.3N) _ 

DIMENSION  X(2l),  r 1 { 21 ) .  Y2 { 21 ) .  Y3 ( 21 ) «  Y4<21),  ICNaR{4) 

ICHARtn^H  lQK.ii  ,  L£HAfit^l«4M  -£QIS  t _ mtA3J3)  _ 

ICrtAB<4)=43  30K 

00751=1.21 _ 

X ( I ) *SQRT < X { i > **2  -  2250000.0) 

t5,.CQNimu£ _ 

00  76  1=17*21 

_ jjlllirmj _ 

76  CONTINUE 

CALL  PLOKT.O.  0.0*  2) _ 

XD=7.0 

00  1  1=1*7 _ 

CALL  PLOT (X3*0.0*  3) 

CALL  PLOT ( AD.O.qS*  2) _ 

XD»XO-1.0 

1  CONTINUE _ 

CALL  PLOTtO.O*  0.0.  3) 

CALL  PLOT(O.Q.  8.0.  2) _ 

rpiaTo 

po.  e..l»lia _ 

CALL  PLOT (0.0*  YO.  3) 

CALL  PLOT  10.05*  TO.  2) _ 

YO«YD-1.0 

2  CONTINUE _ 

XP«.001*XU)*1,0 

_ aip«tui»i.iiii=a«ji _ 

CALL  PlOT(XP.,05*TP,3) 

. . C.ALL-PLOt(XPt.  ».y.P,r.».3.9.,f  ?J . . . .  .  - . „ _ 

CALL  SYMBOL  UP*. 32,  YP-.47,  ,16*  ICHAR(lj ,  0.  4) 

CALL. PLOT (XPt  Yp,  3) _ 

00  3  1=2.21 

XP». 001 *X ( I ) ♦! . 0 _ 

YP*0» l*Yl ( 1 ) -5.0 

CALL  PLOT (XP.  YP.  2) _ 

3  CONTINUE 

XP=.001»X(1)*1.0 _ _ 

YP«0. 1*Y2( 1 \ -b. 0 

CALL  PlOT(XP*.Q5*YP,3) _ 

CALL  PLOT (AP*, 35. YP», 13.2) 

CALL  SYMR0L(XP*.32.  YP-,21.  ,16.  ICHAft(2),  Q>  4) _ 

CALL  PLOT ( Ap,  Yp,  3) 

.  DO  4  1=2.21 _ 

XP«.001«*X(t)*1.0 

YPa0.1»Y2tl)-tt.Q _ 

CALL  PLOTUP,  YP.  2) 

4  CONTINUE _ _ 

xp=.ooi*xti)n»o 

VP»Q. 1*Y3I 1 ) -5. 0 _ 

6All  PLOT (AP*.05,YP.3) 

CALL  PL0T1XP*.35*YP*.13,?1 _ _ _ 

CALL  SYMBSUTP*. 32,  YP.,05.  ,16.  1Cm4*<<3),  0*  4) 

_ CALL  PLOT  t*pf  YP*  3) _ 

00  »0  1=2*21 

XP=,001*X(I) *1.0 _ 

YP=(l,i*Y3«l)»S»b 
CALL  PLOT <  AP.  YP*  2) 


'70 

C-29 


50  CONTINUE 

XP«.001»Xtl)»1.0 _ 

VP»0.1*YA(1)-S.o 

CALL  PLQT(X?*.0«itYP,3) _ 

fcALL  PLOT  <XP*.35*YP**39,2) 

CALL  SVMtfOL(XP*.3<it  YP».3I»  .16*  IChAH(A),  0*  A) 
CALL  PLOT(XP,  YP*  3) 

. 09  _ 

XP«.001*X(I)*1.0 

YPnul*Y4(li-fi.o _ 

CALL  PLOTtXP.  YPt  2) 

6Q  .CONTINUE _ _ _ 

ICHAR(1)»  4HRUN  %  ICHAR(2)»  AHNO, 

CALL  SYMBOL  1.2-5.  B.S,  .l4j  1CHA,R(1) .  flt  Al__ 

CALL  SYMBOLIC.*  999.*  ,16.  ICHAH(2),  0*  A) 

CALL  NUMPEWtpga.t  S35t±i  EfiLl  0*  ^1 _ 

CALL  PLOTtlO. 0*0. 0,-3) 

RETURN _ . _ 

END 
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APPENDIX  D 

SUMMARY  OF  OVERALL  SOUND  POWER  LEVEL  DATA 


This  appendix  contains  a  set  of  28  graphs  which  present  the  overal!  sound  power  level 
data,  scaled  to  a  20,000  pound  thrus*  engine,  as  a  function  of  the  ratio  of  secondary 
mass  flow  to  primary  mass  flow.  Each  graph  corresponds  to  one  of  the  principal  groups 
of  runs  defined  in  Table  A-1 . 
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Experimental  Run  Numbers  132-143 

Primary  Nozzle  Temperature  =  64°F 
Primary  Nozzle  Pressure  Ratio  =  3,5 
Primary  Nozzle  Coplanar  with  Secondary  Nozzle 


Area  Ratio 
I  2  5  10 


Approximate 
Vel.  Ratio  (4/Up) 
•  0.35 
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Experimental  Run  Numbers  145-156 

Primary  Nozzle  Temperature 

»  450°F 

Primary  Nozzle  Pretsuro  Ratio 

1.6 

Primary  Nozzle  Coplonar  with  Socondory  Nozzle 

Approximate 

Vel.  Ratio  (U/Up) 

•  0.38 

■  0.73 

*  0.B8 
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Figure  D-l*  continued  ...  Variation  in  Overall  Sound  Power  with  Bypass 
Ratio  for  Thrusts  Scaled  to  20,000  Lbs. 
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Figure  0*1.  continued  ...  Variation  in  Overall  Sound  Power  with  Bypass 
Ratio  for  Thrusts  Scaled  to  20,000  lbs. 
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Figure  D-J.  continued  ...  Variation  In  Overall  Sound  Power  with  Bypass 
RoMo  for  Thrusts  Scaled  to  20,000  Ubs. 
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Figure  D-1 .  continued  . .  ^Voriotion  In  Overall  Sound  Power  with  Bypass 
Ratio  for  Thrusts  Scaled  to  20,000  Ubs. 
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Expert  mental  Run  Numbers  255-266 

Primary  Nozzle  Temperature 
Primary  Nozzle  Pressure  Ratio 
Primary  Nozzle  Fully  Extended 

=  450  F 
=  1.6 

Area  Ratio 

Approximate 

Vel.  Ratio  (U/Uq) 

C  0.39 

2  5  10 

■  0.73 

A  0.88 
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Experimental  Run  Numbers  267-274 

Primary  Nozzle  Temperature  =  450°F 

Primary  Nozzle  Pressure  Ratio  =  2.5 

Primary  Nozzle  Fully  Extended 

Area  Ratio 

Vol.  Ratio  (U/Up) 
•  0.40 

■  0.65 


Ratio  of  Secondary  Moss  Flow  to  Primary  Moss  Flow 


Figure  D-l.  continued  ...  Variation  in  Overall  Sound  Power  with  Bypass 
Ratio  for  Thrusts  Scaled  to  20,000  Lbs. 
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Experimental  Run  Numbers  339-350 

Primary  Nozzle  Temperature  =  74°F 

Primary  Nozzle  Pressure  Ratio  =  3.5 

Primary  Nozzle  Fully  Refracted 

- 

Approximate 

Vel.  Ratio  (Lt/Up) 
•  0.37 
■  0.85 

' 

A  1.01 
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Figure  D-] .  continued  , . .  Variation  in  Overall  Sound  Power  with  Bypass 
Ratio  for  Thrusts  Scaled  to  20,000  Lbs, 
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Experimental  Run  Numbers  459-466 

Primary  Nozzle  Temperature  =  460°F 
Primary  Nozzle  Pressure  Ratio  =  2.5 
Primary  Nozzle  Half  Extended 


Approximate 
Vel.  Ratio  (U/'Jp) 
•  0.40 
■  0.65 


Overall  Sound  Power  Level  M3  re  10  * ~  watts)  Overall 


Figure  D-l,  concluded  ...  Vatlotlon  in  Overall  Sound  Power  with  Bypass 
Ratio  for  Thrusts  Scaled  to  20,000  Lbs. 
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APPENDIX  E 


SUMMARY  OF  MAXIMUM 
PERCEIVED  NOISE  LEVEL  DATA 


This  appendix  contains  a  set  of  28  graphs  which  present  the  maximum  perceived  noise 
level  data  on  the  1500-foot  sideline,  scaled  to  a  20,000  pound  thrust  engine,  as  a 
function  of  the  ratio  of  secondary  mass  flow  to  primary  mass  flow.  Each  graph  cor¬ 
responds  to  one  of  the  principal  groups  of  runs  defined  in  Table  A-l , 
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Figure  E-l.  Variation  in  Maximum  Perceived  Noise  Level  on  a  1500-Foot 
Sideline  with  Bypass  Ratio  for  Thrusts  Scaled  to  20,000  Lbs, 
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Experimental  Run  Number*  132-143 

Primary  Nozzle  Temperature  =  64°F 

Primary  Nozzle  Pressure  Ratio  =  3.5 

Primory  Nozzle  Coplanar  with  Secondary  Nozzle 

- 

Approximate 

Vel.  Ratio  (U/Up) 

•  0.35 
»  0.67 
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A  0.75 
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Figure  E-l.  continued  ...  Variation  in  Moximum  Perceived  Noise  Level  on 
a  1500-Foot  Sideline  with  Bypass  Ratio  for  Thrusts  Scaled  to 
20,000  Lbs. 
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Exparimanlol  Run  Numbers  158-155 

Primary  Non!#  Yemperoture  ~  450°F 

Primary  Nozzle  Pressure  Rolio  =  2.5 

Primary  Nozzle  Coplanar  with  Secondary  Nozzle 

Area  RoHo 

Approximate 
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Vel.  Ratio  (U/Up) 

•  0.41 
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Maximum  1500  Foot  Sideline  Perceived  Noise  Level  (PNdB)  Maximum  i500  Foot  Sideline  Perceived  Noise  Level  (PNdft) 
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Figure  E-l.  continued  ...  Va  ation  in  Maximum  Perceived  Noise  Level  on 
a  1500-Foot  Sideline  with  Bypass  Ratio  for  Thrusts  Scaled  to 
20,000  Lbs. 
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Maximum  1500  Foot  Sideline  Perceived  Noise  Level  (PNd8)  Maximum  1500  root  Sideline  Perceived  Noise  Level  (PNdB) 
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Figure  E-l.  continued  ...  Variation  In  Maximum  Perceived  Noise  Level  on 
a  1500-Foot  Sideline  with  Bypass  Ratio  for  Thrusts  Scaled  to 
20,000  Lbs. 
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Ratio  of  Secondary  Mass  Flow  to  Primary  Mass  Flow 


Figure  E-l.  continued  ...  Variation  in  Maximum  Perceived  Noise  Level  on 
a  1500-Foot  Sideline  with  Bypass  Ratio  for  Thrusts  Scaled  to 
20,000  Lbs. 
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Figure  E-l.  continued  ...  Variation  in  Maximum  Perceived  Noise  Level  on 
a  1300-Foot  Sideline  with  Bypass  Ratio  for  Thrusts  Scaled  to 
20.000  Lbs. 
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Experimental  Run  Numbers  311-326 

Primary  Nozzle  Temperature  -  74°F 
Primary  Nozzle  Pressure  Ratio  =  1.6 
Primary  Nozzle  Fully  Retracted 


Approximate 
Vel.  Ratio  (Us/Up) 
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Experimental  Run  Numbers  327-338 

Primary  Nozzle  Temperature  =  74°F 
Primary  Nozzle  Pressure  Ratio  =  2.5 
Primary  Nozzle  Fully  Retracted 
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Figure  E-l.  continued  ...  Variation  in  Maximum  Perceived  Noise  Level  on 
a  1500-Foot  Sideline  with  Bypass  Ratio  for  Thrusts  Scaled  to 
20.000  Lbs. 
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Figure  E-l.  continued  ...  Variation  In  Maximum  Perceived  Noise  Level  on 
a  1500-Foot  Sideline  with  Bypass  Ratio  for  Thrusts  Scaled  to 
20,000  Lbs. 
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Figure  E-l.  continued  ...  Variation  in  Maximum  Perceived  Noise  Level  on 
a  1500-Foot  Sideline  with  Bypass  Ratio  for  Thrusts  Scaled  to 
20,000  Lbs. 
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Figure  E-l .  continued  . . .  Voriction  in  Maximum  Perceived  Noise  Level  on 
a  1500-Foot  Sideline  with  Bypass  Ratio  for  Thrusts  Scoled  to 
20,000  Lbs. 
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Figure  E-l,  continued  ...  Variation  In  Maximum  Perceived  Noise  Level  on 
a  1500-Fool  Sideline  with  Bypass  Ratio  for  Thrusts  Scaled  to 
20,000  Lbs. 
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Figure  E-l.  concluded  ...  Venation  in  Maximum  Perceived  Noise  Level  on 
o  1500-Foot  Sideline  with  Bypass  Ratio  for  Thrusts  Scded  to 
20,000  Lbs. 

>01 


E-15 


APPENDIX  F 


PRIMARY  JET  SOUND  POWER  SPECTRA  AND 
DIRECTIVITY  DATA 


This  appendix  contains  twelve  (12)  graphs  which  give  the  sound  power  spectra  and 
directivity  data  measured  for  the  three  (3)  primary  nozzles.  For  each  nozzle,  the 
power  spectra  are  given  for  three  (3)  temperatures,  followed  by  three  (3)  graphs 
containing  the  associated  octave  band  directivities  for  each  temperature  condition. 
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Figure  F-l .  Model  Jet  Sound  Power  Spectre  for  Primory  Nozzles  with  Pressure  Ratio  1.6. 
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Figure  F-2, 


Directivity  Pattern  for  Run  Number  101 
(Pressure  Ratio  1.6,  Temperature  60°F) 
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Figure  F-3.  Directivity  Pattern  for  Run  Number  144 
(Pressure  Ratio  1.6,  Temperature  450  F). 
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Figure  F-5.  Model  Jet  Sound  Power  Spectra  for  Primary  Nozzles  with  Pressure  Ratio  2.5 
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Figure  F-6.  Directivity  Pattern  for  Run  Number  118 


(Pressure  Ratio  2.5,  Temperature  60  F). 
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Figure  F-9.  Model  Jet  Sound  Power  Specfro  for  Primary  Nozzles  with  Pressure  Ratio  3.5. 
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Figure  F-iO.  Directivity  Pottern  for  Run  Number  ^31 
(Pressure  Rotio  3.5,  Temperature  60  F) 
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APPENDIX  G 


NOISE  OF  A  SUPERSONIC  NOZZLE 
OPERATING  AT  OFF-DESIGN  PRESSURE  RATIOS 


It  Is  to  be  expected  that  supersonic  nozzles  of  jet  engines,  if  designed  for  high-speed 
cruise  at  high  altitude,  may  be  operating  at  off-design  pressure  ratios  at  takeoff. 
Therefore,  it  was  of  interest  to  explore  the  noise  generated  during  off-design  oper¬ 
ation  to  determine  whether  any  anomalies  may  be  present.  A  small  number  of  explora¬ 
tory  runs  were  conducted  for  this  purpose. 

It  was  felt  that  if  any  anomalies  (such  as  discrete  tones)  existed,  they  would  certainly 
be  apparent  in  a  cold  flow  (i . e . ,  60  F).  Therefore,  the  exploratory  runs  were  mode 
with  a  cold  flow,  using  a  supersonic  nozzle  designed  for  pressure  ratio  3.5.  When 
discrete  tones  occur  in  a  test,  even  if  they  are  not  detectable  by  eor,  they  are  very 
apparent  from  spikes  in  the  directivity  pattern  for  the  octove  band  in  which  they 
occur.  The  computer  printout  data  from  these  runs  was  reviewed  and  no  pure  tone 
anomalies  were  found. 

Seven  (7)  runs  were  performed  within  a  o;ie-hour  period,  using  operating  pressure 
ratios  ranging  from  2.0  to  7.8,  and  repeating  the  on-design  pressure  ratio  condition. 
Since  the  computer  printout  of  the  data  lists  the  design  pressure  ratio  but  not  the 
operating  pressure  ratio,  that  information  is  given  in  the  table  below.  (For  oil  other 
runs  in  the  project,  operating  pressure  rotio  and  design  pressure  ratio  were  nominally 
the  same.) 


Primary  Supply 

Operating 

Run  Number 

Pressure,  psig 

Pressure  Ratio 

600 

14.6 

2.0 

601 

21.9 

2.5 

602 

29.2 

3.0 

603 

36.5 

3.5 

604 

43.8 

4.0 

605 

63.0 

5.4 

606 

99.5 

7. 8 

Run  1 31  provides  another  data  point  of  on-design  operation  for  the  same  nozzle.  How¬ 
ever,  it  was  run  at  a  different  time,  with  o  lower  supply  temperature,  and  had  o 
slightly  higher  moss  flow  and  a  2. 1  dB  higher  acoustic  power  when  compared  to  Run  603 
in  this  series.  Therefore,  it  is  not  used  for  comparison  with  these  sequential  results. 


The  directivity  index  values  are  shown  for  alternate  runs  in  Figure  G-l .  There  is  a 
general  trend  to  a  sharper  directionality  (without  shift  In  angle)  as  the  operating 
pressure  ratio  is  increased,  but  there  are  no  apparent  anomalies  or  disagreements  with 
nomiol  jet  noise  data.  In  terms  of  the  octave  band  spectra  at  0  =  4 5  ,  Figure  G-2, 
there  is  no  significant  change  in  spectrum  shape  for  off-design  operation. 

Figure  G-3  shows  the  effect  of  off-design  operation  on  the  model  scale  sound  power 
generation  with  the  U8  slope  mean  data  line  for  the  primary  nozzles  for  reference. 
Figure  G-4  shows  similar  data  for  the  1500-foot  sideline  maximum  perceived  noise 
level .  Here,  the  U8  slope  data  curve  for  the  other  primary  nozzles  almost  fits, 
indicating  that  the  off-design  conditions  affect  the  power  level  more  than  they  uffect 
the  perceived  noise  level.  The  reason  may  be  that  the  sharper  directivities  for  the 
nozzle,  when  operated  above  design  velocity,  tend  to  reduce  the  relative  amount  of 
noise  radiated  to  the  sideline. 

It  should  be  mentioned  that  in  all  runs  except  Run  600,  the  original  data  showed 
broadband  noise  In  the  16  kHz  ond  31.5  kHz  bands,  which  was  removed  in  the  same 
way  as  in  the  production  runs  for  on-design  cases  (see  Section  4.2).  It  is  known  thot 
over-pressure  operation  of  a  convergent  nozzle  con  produce  what  is  called  "shock 
cell  noise,"  Reference  G-l,  ond  has  even  done  so  on  full-scale  engines  operating 
at  altitude.  Reference  G-2.  Such  noise  is  characterized  by  discrete  tones  of  a 
highly  directionol  nature,  whose  fundamental  frequency  (for  a  stationary  jet)  con  be 
predicted  f:om: 


3d  (R  -  R  >!/* 
c 

where 

f,  «  fundamental  frequency,  Hz 

R  =  Operating  pressure  ratio 

$5c  »  critical  pressure  ratio,  normally  1 ,89  (but  should  be  design  for  o 
convergent  divergent  nozzle) 

a  is  ambient  speed  of  sound,  ft/sec 

d  »  jet  exit  diameter,  ft 


(0-1) 


The  original  data  (before  correction)  was  reviewed.  Anomalies  were  noted  in  most  of 
♦he  runs  for  the  upper  two  octavo  bonds  of  data  (ond  sometimes  in  the  upper  three 
octave  bands:  8  kHz,  16  kHz  and  31 .5  kHz)  ot  8  =  100  -  1 10  degrees. 


The  results  for  1 10  degrees  and  the  upper  three  octave  bonds  ore  given  in  Figure  G-5. 
No  anomalies  in  the  directivities  were  observed  at  the  two  lower  pressure  ratios. 
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Figure  G-l.  Directivity  Index  for  Overall  Sound  Pressure  Level  for  a 

Supersonic  Nozzle  Operating  at  Off-Design  Pressure  Ratios 


re  OASPL) 


Overall  Sound  Po 


Primary  Nozzle  Flow  Velocity  (ft/sec) 


gure  G-4.  Effect  of  Off-Design  Operation  on  the  Maximum  Perceived  Noi 
Level  on  a  1500-Foot  Sideline,  Scaled  to  20.000  Lbs  Thrust, 
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Figure  G-5,  Octave  Bond  Sound  Pressure  Level  at  110  Degrees,  Showing  Onset 
of  the  Third  Anomaly  Above  1200-ft/sec  from  Measured  Raw  Data. 


Therefore,  the  U8  slope  reference  line  has  been  fitted  through  these  points. 

Between  the  pressure  ratios  of  2.5  and  3.0,  the  anomaly  just  appears  in  the  top  two 
octave  bands,  with  an  increase  of  about  10  dB.  At  the  design  pressure  ratio  of  3.5, 
the  8  kHz  octave  band  begins  to  increase;  by  a  pressure  ratio  of  4.0,  it  is  approxi¬ 
mately  12  dB  higher  than  might  have  been  expected.  Above  the  pressure  ratio  of 
4.0,  all  three  bands  appear  to  bo  increasing  with  increasing  pressure  ratio  more 
slowly  -  on  the  order  of  U8  or  less. 

These  data  clearly  show  that  this  anomaly  is  a  function  of  pressure  ratio  and  begins  in 
the  vicinity  of  the  design  pressure  ratio.  The  two  higher  frequency  bands  were 
affected  at  a  slightly  lower  pressure  ratio  than  the  8  kHz  band  —  roughly  in 
accordance  with  the  expectations  of  Equation  (G-l).  However,  the  1/10^  octave 
analysis  shown  in  Section  4.2  did  not  indicate  that  pure  tones  are  present,  but  that 
the  phenomenon  is  at  least  an  octave  wide. 

Although  the  actual  optimum  pressure  ratio  for  the  nozzle  is  probably  slightly 
different  than  3.5  because  of  boundary  layer  effects,  it  is  considered  that  it  could 
not  be  below  3.0  since  the  nozzle  thrust  coefficient  was  about  .94,  indicating  a 
relatively  thin  boundary  layer. 

To  obtain  better  insight  on  the  problem  requires  additional  runs  using  noise,  schlieren 
photography  and  pressure  probes  as  investigative  tools. 
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